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ABSTRACT 

An instrument built in the Yale University Observatory shop is described and illus- 
trated. The photographic plate is mounted horizontally. The Weston photronic cell is 
used as the light-sensitive element, in conjunction with a galvanometer. The field of 
the plate being measured, the galvanometer scale and the two co-ordinate scales are 
brought into a single eyepiece. 

An instrument for the measurement of stellar magnitudes from 
photographs has recently been completed in the Yale Observatory 
shop. The optical arrangement follows in general that of the instru- 
ment designed by Schilt.t There are, however, two major changes: 
first, the photographic plate is mounted horizontally instead of ver- 
tically; and, second, the Weston photronic cell is used as the light- 
sensitive element in place of the thermopile. 

There are several advantages in mounting the photographic plate 
horizontally. It is much easier to obtain a rugged and stable con- 
struction of the double motion of the plate and at the same time the 
instrument is made more simple. The photronic cell is cheap and 
sturdy. Its advantages over the thermopile are that its maximum 
sensitivity when used with an incandescent lamp as source lies in 
the visual region and that it is free from thermal disturbances. 

Figure 1 is a diagram of the optical system of the photometer. 

' Bulletin of the Astronomical Institutes of the Netherlands, 60, 1924. 
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Lamp A is the source of light for the measuring beam. An image of 
its filament is projected on objective F, just below the plate, by 
condenser B. Objective F throws an image of condenser B on the 
film of the photographic plate. This image, owing to the short focal 
length of F, is very much reduced in size and is of great brightness. 
Diaphragm C serves to reduce the aperture of B, and, consequently, 
the area of the plate illuminated. Objective H above the plate 
projects an enlarged image of the plate on diaphragm J. This dia- 
phragm limits the area of the plate to be measured. After passing 


Fic. 1.—The optical system 


aperture J, the cone of light spreads out and illuminates a fairly 
large area of the surface of the photronic cell K. 

In order that the part of the plate which is to be measured may be 
seen, a very thin unsilvered sheet of glass J is used to reflect a part 
of the beam of light emerging from H at right angles to the axis of 
the measuring-beam. An image of the plate is thus formed on the 
cross-wires O, which are at the same distance as diaphragm J from 
objective H. The cross-wires are viewed through eyepiece V. The 
area of the plate illuminated by the measuring-beam is much too 
small for the easy location of the star to be measured. Furthermore, 
the measuring-beam is too bright for this purpose. Another unsil- 
vered plate E, at 45°, serves to bring in the beam of light from con- 
denser V. This condenser is very much larger than condenser B, so 
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that a proportionately larger area of the plate is illuminated. Lamp 
W is the source of light for this beam. 

In order to eliminate the measuring-beam from the eyepiece, a 
red Wratten Filter No. 22 is inserted at D. This filter absorbs the 
visual light below X 5600 without affecting too much the response of 
the photronic cell (maximum sensitivity at about \ 5800). A green 
No. 74 filter at M passes a narrow band around JX 5300, near the maxi- 
mum visual sensitivity. The result is that the light of the plate il- 
lumination is received by the eye while the measuring-beam is prac- 
tically suppressed. 

The co-ordinate scales XY and Y move with the plate carriage. An 
image of about 1 cm. of each scale is formed on the cross-wires O by 
means of prisms Q and lens P. Lens P is very nearly at the same dis- 
tance from the cross-wires as objective /,.so that it does not limit 
the field of view. An image of the galvanometer scale U is formed at R 
by means of lens S and the galvanometer mirror 7. This image also 
is brought to the cross-wires by lens P. Lens R, by forming an image 
of T on P, produces a field of sufficient size. The areas on condenser 
V which correspond to the positions of the three scales on the cross- 
wires are blocked out so that the field illumination does not inter- 
fere with them. The cross-wires serve as indices for all the scales, 
which, being reduced by a factor of 3, obstruct only a small area of 
the image of the plate and are at some distance from the center of 
the field. 

The photographs of the nearly completed instrument (Figs. 2 and 
3) show most of the details of construction. The rugged base casting 
and lower carriage are identical with those used for the blink com- 
parators which had previously been built in the Yale shop. These 
are made of heavily ribbed cast iron and, consequently, permit a 
minimum of flexure. The sturdy cast-iron bridge which carries the 
optical parts above the plate is attached to the base. Rotating in 
the face of the upper carriage is a duralumir disk which can be turned 
by the removable pinion and handle for the orientation of the plate. 
The lower carriage is moved to the right and left by the handle on the 
left (Fig. 2). The upper carriage is moved at right angles to the mo- 
tion of the lower one by the handle on the right. A full turn of either 
of these handles moves the plate approximately 11 mm. 

A step is cut around the 8 X 10 inch aperture in the disk of the up- 








Fics. 2 (above) and 3 (bottom) 
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per carriage. The photographic plate is placed in this recess film side 
down and is held in place by four clamps pressing against the upper 
side of the plate near the edges. The clamps are not shown in the 
photographs. 

The crosswise or X-scale is easily visible in Figure 3. It is sup- 
ported from the lower carriage by two brackets and moves with this 
carriage. A much more complicated arrangement is necessary for the 
Y-scale. The scale itself is mounted on a metal strip, which slides 
lengthwise in gibs supported from the base casting. At the inner 
end of the strip a small roller projects downward into a slot running 
transversely across the upper face of the upper carriage. The upper 
carriage is, therefore, free to move transversely. The Y-scale is 
moved only when the upper carriage is moved on the lower carriage. 

The galvanometer scale, seen in the foreground of Figure 3, is a 
Leeds and Northrup 500-mm. scale graduated on ground glass. It is 
supported on a metal stand equipped with a rack and pinion for 
zero adjustment. By means of a universal joint and rod this ad- 
justment is made accessible to the observer. It is controlled by the 
knurled button to the right below the base casting (Fig. 2). The 
scale is illuminated by two 11-inch tubular show-case lamps immedi- 
ately behind it. Semicylindrical reflectors concentrate the light on 
the scale and also shade the observer. 

All of the optical parts are carried on two tubes perpendicular to 
the plane of the plate. Each tube is supported by a long cylindrical 
guide. The upper guide can be moved a short distance parallel to the 
plate in the Y direction, and the lower one in the X direction so that 
the axes of the two tubes may be accurately collimated. This adjust- 
ment is made once for all when the instrument is assembled. For 
focusing, each tube can be moved parallel to its axis by a rack and 
pinion and then clamped securely in place. Sufficient movement is 
provided for the accommodation of either 16-mm or 48-mm objec- 
tives. At the end of each tube toward the plate is a cast hollow cube 
which serves as a support for the tubes parallel to the plate. The 
objectives screw directly into the faces nearest the plate. 

The diaphragm J (Fig. 1) is mounted within the upper tube. An 
eccentric disk which can be rotated from the outside has a series of 
seven graded apertures. As each hole reaches the axis, a spring 
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catch holds the disk in position. The largest aperture corresponds to 
0.4 mm on the plate with the 16-mm objective, and the other holes 
decrease in diameter by approximately the square root of 2. With 
the 48-mm objectives the diameter of the area measured can be in- 
creased to approximately 2 mm. 

This diaphragm and the upper objective define the axis of collima- 
tion of the measuring-beam. The elements of the lamp unit A, B, 
and C are made adjustable so that they can be brought accurately 
into this axis. This unit, on the lower end of the lower tube beneath 
the base casting, cannot be seen in the photographs. The iris dia- 
phragm C, the shutter, and the condensing lens B are mounted to- 
gether on a plate which can be moved in two directions perpendicular 
to the axis of the beam and to each other by means of screws with 
knurled heads. The lamp A is guided parallel to the axis for focus- 
ing and is held in position by a knurled clamp screw. It also is pro- 
vided with a double slow motion in the plane parallel to the plate. 

The photronic cell fits into a metal cup on the top of the upper tube 
and is held in position by a knurled-head screw. 

The eyepiece tube slides into a larger one secured to the side of the 
upper cube. On the side of this tube is a knurled-head screw, at- 
tached to a short inside tube on which are mounted the cross-wires. 
This screw serves as a handle and clamp for moving the cross-wires 
and locking them in position. The wires can be rotated about the 
axis of the tube to make them parallel to the motions of the image of 
the plate and can also be moved to and from the cube. 

On the opposite side of the upper cube is a similar knurled head 
which serves to focus the lens P. The tube on this side is extended as 
a support for the prisms Q and the arm which carries the lens R. 

A microscope cover-glass is mounted on a frame within the upper 
cube to reflect the image of the plate into the eyepiece. This frame is 
held by springs against the three knurled-head screws which project 
through the face nearest to the plate. 

The condensing lens for the field illumination is supported by a 
conical tube attached to the lower cube. An arm projecting beyond 
the lens carries the lamp, which can be moved in three directions for 
focusing and collimation. Another cover-glass within the lower 
cube is mounted in a manner similar to that of the one within the 


upper cube. 
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The galvanometer can be seen in the background of Figure 2. The 
Leeds and Northrup 2500e Type R was chosen for several reasons: 
it is moderate in price, has a short period (3 sec.), and is well fitted 
for use in a circuit with the photronic cell. From the data at hand 
when the instrument was designed, it appeared that the internal re- 
sistance of the photronic cell would vary rather widely for the range 
of illumination to be used.? A galvanometer circuit was planned, 
therefore, in which a shunt across the galvanometer several times 
smaller than the internal resistance of the cell would furnish most of 
the damping resistance and thus 
minimize the change in damping 
due to the change in internal re- 
sistance. At the same time this 





damping resistance should be 
several times larger than the in- 
ternal resistance of the galvanom- 
eter in order that the sensitiv- 





ity should not be decreased too Fic..4,~Caleansamen clita 
seriously. The galvanometer has 

a critical damping resistance of 2400 ohms and an internal resist- 
ance of 500 ohms. Since the “‘dark’’ resistance of the photronic cell 
is of the order of 7000 ohms, this galvanometer fills the require- 
ments very well. It was found that the damping was practically 
the same at full-scale deflection as with the cell dark. 

The circuit used is shown in Figure 4. R, is a fixed resistance of 
1500 ohms, R, a 2000-ohm rheostat for the adjustment of the damp- 
ing, and R, a 200-ohm potentiometer. The latter provides a very 
smooth and fine adjustment over a range of approximately 10 per 
cent of the maximum sensitivity. Ordinary radio resistances are 
used. The controls can be seen in Figure 2, at the finger-tips of the 
observer. The tubular rheostat beneath the instrument is used to 
vary the lamp voltage for the rough adjustment of the deflection for 
clear film. The fine adjustment is made by varying the galvanometer 
sensitivity. 

The sensitivity, although not quite as high as might be wished, is 

? According to the investigation of B. P. Romain (Review of Scientific Instruments, 
4, 83, 1933), the internal resistance of the photronic cell would change only 1 or 2 per 


cent over the range of illumination used here. 
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ample for the ordinary use of the instrument. With a 32-c-p. auto- 
mobile headlight lamp and the 16-mm objectives, the deflection is 
well over 500 mm at 1.5 m for an area on the clear film of the plate 
o.2 mm in diameter. The galvanometer response is very nearly pro- 
portional to the amount of light transmitted by the plate. 

The collimation and focusing of the instrument are very simply 
performed. The lower objective is unscrewed and the image of the 
filament of the lamp A focused in the plane of the back lens of the 
objective. The photronic cell is removed and a fitting put in its place 
which holds a tube coaxial with and inside of the upper tube of the 
instrument. At the lower end of this auxiliary tube is a 48-mm ob- 
jective which serves to project an image of the diaphragm J upon the 
ceiling or a screen. The upper tube is then moved by means of the 
rack and pinion until the grain of the plate, or a star image, is also 
sharply focused. The iris diaphragm C is now closed until its edge 
becomes visible and the lower tube moved until the iris is brought 
into focus. The iris is opened and a star image set to the center of 
diaphragm J. It is then closed so that its image is smaller than that 
of J, and is now collimated by moving it until its image is centered 
on that of the star. The iris is finally opened so that its image is just 
slightly larger than that of diaphragm J. The adjustment of the 
measuring-beam is completed by collimating the lamp filament. This 
is done by moving it until maximum brightness on the screen, or 
better, maximum deflection of the galvanometer, is secured. 

The cross-wires are next adjusted. The star image is then brought 
to their intersection by means of the adjusting screws which move 
the reflecting plate within the upper cube. The reflecting plate with- 
in the lower cube is set to center the image of the condenser V on the 
cross-wires and the lamp W is focused and collimated. These latter 
adjustments are permanent. The lens P is focused so as to bring the 
image of the co-ordinate scales to the cross-wires; and, finally, the 
galvanometer scale is moved until its image is in focus. 


Much credit is due to Mr. August Klocker, mechanician at the 
Observatory, for working out many of the mechanical details and for 
the excellence with which the instrument was constructed. 

YALE UNIVERSITY OBSERVATORY 
June, 1933 














PHOTOMETRY WITH THE SCHRAFFIERKASSETTE! 
By WILLIAM H. CHRISTIE 


ABSTRACT 

The new Schraffierkassette constructed in the Observatory shops is described in de- 
tail and the method of measuring and reducing the plates obtained with it is briefly 
outlined. 

Although the Schraffierkassette or, to call it by (the accepted 
English name, the moving-plate camera, was described by Meyer- 
mann and Schwarzschild about twenty-five years ago,’ this effective 
device does not seem to have become as well known as it deserves. 
Some time ago the writer designed an instrument with an oscillating 
plate-base, which has since been constructed in the Observatory 
shops, for the investigation of variable stars, clusters, and nebulae 
with the ro-inch Cooke refractor and the 1oo-inch reflector.) Suffi- 
cient work has now been done with the instrument to show that it 
fulfils every expectation, and that photometric observations made 
with it are surpassed in accuracy only by those made with the photo- 
electric photometer in capable hands. Since even a modest astro- 
graphic camera becomes a powerful instrument for photometric 
studies when equipped with such a device, it seems desirable to de- 
scribe the instrument and the method of measuring the plates made 
with it in some detail, especially since(our design differs considerably 
from that of the instrument described in the aforementioned papers. ) 

(With the ordinary methods of procedure the photographic plate 
falls considerably short of what it is inherently capable. This failure 
is due, principally, to two sources of error: first, to the small local 
irregularities in the sensitiveness and distribution of the silver grains; 
and, second, to the lack of perfection of the optical parts of the in- 
strument, \By making the images of the stars large enough and inte- 
grating the density of the whole affected area the effects of small 
local irregularities practically disappear.’ This method is, however, 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 476. 

{stronomische Nachrichten, 170, 277, 1906; ibid., 174, 137, 1907. 
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not without its disadvantages, for, because of the aberrations of the 
optical system of the telescope, extra-focal images are seldom of 
uniform density; moreover, coma destroys the symmetry of images 
at some distance from the optical axis. } 

These difficulties can largely be overcome by trailing the focal, 
or-near-focal, image of the star up and down and across the plate. 
If the motions are uniform and the trails close enough together, a 
patch of blackened silver grains is built up which is unaffected by 
the imperfections of the optical system, except at the edge, a small 
area-that can be eliminated during measurement by the use of a 
suitable diaphragm. The Schraffierkassette thus hatches the photo- 
graphic plate with the star images, and all the aforementioned de- 
fects become inappreciable if the hatched area is sufficiently large. 

When the field is large there remains one unavoidable source of 
error, however, due to the falling-off of the intensity of the light at 
some distance from the optical axis, and a correction must be made 
after a careful determination of the coefficient of the diminution of 
the intensity of the illumination has been made. 

The instrument under discussion consists of two rectangular metal 
frames, one sliding within the other, the motions of the two frames 
being at right angles to each other.)The guides in which these 
frames move are equipped with ball bearings)to reduce friction to a 
minimum, while\strong spiral springs hold the frames against their 
driving mechanism, ‘Two plate-holder adapters, 4x5 and 5X7 
inches, are provided which may be attached to the inner frame by 
means of four screws. The smaller adapter has a double-slide plate- 
base in order that a series of exposures may be made on the same 
plate. 

The mechanism of the instrument is shown diagrammatically in 
Figure 1. A is a synchronous motor)attached to the base of the in- 
strument; the end of the motor-shaft carries‘a worm, B, which‘en- 
gages with a worm-wheel, C, attached to a cam-shaft, D. The speed 
of the{motor is 1500 revolutions per minute, which, with a reduction 
of 50:1 provided by the worm and worm-wheel, turns the cam-shaft 
at the rate of thirty revolutions per minute. Attached to the cam- 
shaft is a heart-shaped, uniform-motion cam, £, and two diametric- 
ally placed actuating studs, CG. 
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An extension, H, to the inner frame, passing below the outer 
frame, is pressed against one end of the rocker-arm, J, by means of 
two springs, JJ; the other end of the rocker-arm carries a hardened 
steel roller, K, which presses in turn against the uniform-motion 
cam FE. The rocker-arm is slotted for part of its length, and the 
pivot, L, on which it turns, passes through this slot and may be 
clamped in any desired position. The pivot is, in turn, attached to 
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a small base sliding between gibs parallel to the normal position of the 
rocker-arm. This arrangement permits the motion of the frame to 
be adjusted to the desired amplitude. 

The outer frame is operated by a second uniform-motion cam and 
rocker-arm, E’ and J’, )similar to the first, the uniform-motion cam 
being rotated by means of a worm and worm-wheel, M and NV. At 
the end of the shaft, O, carrying the worm, is a Geneva sprocket, P, 
which is operated by the actuating studs, G, attached to the first 
cam-shaft., As the first shaft revolves, the actuating studs give in- 
termittent impulses to the second worm-wheel, and thence, through 
the uniform-motion cam and a second rocker-arm, to the outer 
frame. 
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The second worm-wheel is not fastened to its shaft but is free to 
turn upon it, motion being transferred from it to the shaft by means 
of a pawl attached to one face of the worm-wheel and a ratchet- 
wheel attached to the shaft.) A knurled knob at one end of the shaft 
enables the operator to turn it to the starting position when ready 
to begin an exposure, eliminating the necessity of waiting until the 
cam reaches this position with its own motion.) A considerable 
amount of time is saved by this device, especially when a number 
of short exposures are being made. (A contact pin attached to the 
second cam-shaft closes an electrical circuit about ten seconds before 
the instrument reaches the starting position and thus operates a 
small 6-volt flashlight bulb heavily coated with translucent red 
enamel. The breaking of the circuit is arranged to take place when 
the outer frame is at the limit of its motion.) The flashing-on of the 
light serves as a warning(signal for the operatorjand provides ample 
time for him to prepare to open or close the slide as the light flashes 
off. 

(The size of the images obtainable with our instrument varies be- 
tween 0.8 and nearly 5 mm square, the size used depending upon the 
nature of the investigation. For faint stars it is necessary to use 
small images in order to keep the exposure times within reasonable 
limits. For the investigation of the brightness of |extended surfaces, 
such as nebulae and clusters, it is important that the amplitude of the 
motion of the plate be greater than twice the diameter of the object 
under investigation in order that all parts of the image may traverse 
the central region of the square. 

The instrument just described is not in its original form. When 
it was first designed no source of alternating current was available 
at the roc-inch telescope, and, in order to keep the motor running at 
a uniform speed, the Gerrish system of control was used, a universal 
motor taking the place of the present synchronous motor.) The 
control operated as follows: At each swing of an electrically sus- 
tained pendulum, beating seconds, an electrical contact was made 
which closed a relay that, in turn, closed a second relay in the 110- 
volt motor circuit. These relays remained closed until the low-volt- 
age circuit was broken by means of a circuit-breaker attached to the 
first cam-shaft, when it remained broken until again closed by the 
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pendulum. In this manner the motor was kept running at a con- 
stant speed, for, if it tended to run too slowly, the circuit was 
broken after a longer interval, or, if too fast, after a shorter interval 
than would be the case were the motor running at normal speed. 
The inertia of a heavy flywheel and the rotor of the motor smoothed 
out the effects of the intermittent impulses.\\To start the motor it 
was necessary to short the circuit-breaker so that the relays would 
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remain closed until the motor 
attained speed; a switch 
placed across the leads to the 
circuit-breaker served this 
purpose.) The Gerrish system 
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to make these rollers fairly large. 

Accurate photometric measurement of the light of bright stars is 
difficult, owing to the lack of suitable comparison stars. In order to 
overcome this difficulty small neutral screens have been prepared 
which may be used to cut down the light of the object under inves- 
tigation. These screens are about o.5 inch square and are mounted 
on small rods which fit into a socket attached to the base of the in- 
strument.(The star is centered on the screen, which occupies the 
central region of the field just in front of the plate-holder; the re- 








318 WILLIAM H. CHRISTIE 


sulting images can be readily compared with those of the surround- 
ing, fainter stars. ) 

A photograph of the instrument attached to the 10-inch Cooke 
refractor is shown in Plate [Xa, and a portion of a photograph of the 
Pleiades made with this instrument, in Plate IXd. 

The densities of the images on the plates are measured with a 
Schilt microphotometer.s Our instrument differs in a few minor 
details from Schilt’s machine: )It is so mounted that the plate- 
carrier is horizontal, and for the field illumination a second source of 
light is used which may be switched off during measurement of the 
image. A red filter and an opaque screen can be swung into the 
beam of light falling on the image, the red screen being used when 
centering the image and the opaque one when reading the zero point. 

The galvanometer deflections are read by a scale divided into 
inches and tenths, mounted about six feet in front of the galvanome- 
ter, which is placed as close as possible to the thermocouple mount- 
ing in order to keep the leads short.) A small plane mirror placed a 
short distance in front of the telescope reflects the light from the 
galvanometer mirror into the telescope.) With the instrument in 
proper adjustment, the several readings of the object under measure- 
ment, usually four or five, interspersed among the readings of the 
comparison stars, have an average deviation of about three one- 
hundredths of an inch. 

The thermocouple housing and its supporting frame are wrapped 
with several layers of cotton batting, which reduces considerably the 
drift of the zero point; and, by keeping the leads from the thermo- 
couple to the galvanometer short, the drift has been reduced to a 
negligible amount. 

The sensitivity of the instrument is such that with properly ex- 
posed and developed plates a scale deflection of five inches corre- 
sponds to a difference of about one magnitude; this sensitivity can, 
of course, be varied by altering the intensity of the light-source 
and by the use of diaphragms placed between the condensing lens 
and the plate in the beam of light falling on the image. 

When possible,\about ten comparison stars, covering a range in 
brightness greater than that of the variable, are measured,) if the 


3 Bulletin of the Astronomical Institutes of the Netherlands, 2, 60, 1924. 
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range of the latter is not too great. The measures of the comparison 
stars are plotted on an arbitrary magnitude scale on cross-section 
paper with the galvanometer deflections as abscissae, and a smooth 
curve, which usually approximates a straight line, is drawn through 
them; the magnitude of the variable is then read from this arbitrary 
scale.)When a large number of observations of a variable are to be 
made, it has been found very convenient to construct a permanent 
ordinate scale of stiff paper on which the brightness of the compari- 
son stars is marked along with the numbers that have been assigned 
to them. This scale is laid vertically on the cross-section paper and 
the galvanometer readings plotted as they are read off from the 
measures. In this manner a plate can be measured and reduced 
in about fifteen minutes. The arbitrary magnitude scale is later 
calibrated with the international scale by direct comparison of the 
field of the variable with the North Polar Sequence.) In case the 
brightness of the variable ranges over an interval of more than one 
magnitude, one or more additional sets of comparison stars are 
chosen in order that the range covered be kept small. 

With the Imperial Eclipse (Soft) plates, which we have used to a 
great extent in this work, the opacities of the images are directly 
proportional to the brightness of the stars over a considerable range, 
a characteristic which greatly facilitates the reduction of the meas- 
ures, for the galvanometer deflections are proportional to the mag- 
nitudes of the stars for a range of nearly two magnitudes. If the 
plate has been fully developed, all the reduction-curves made when 
the stars lie on this portion of the characteristic curve are straight 
lines. 

For an example of the accuracy attained with this instrument the 
reader is referred to the light-curve of H.D. 198287-8, which ap- 
peared in a previous paper.‘ 

CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
May 1933 


4 Mt. Wilson Contr., No. 475; Astrophysical Journal, 78, 200, 1933. 








MEASUREMENTS OF THE RADIATION 
FROM VARIABLE STARS! 
By EDISON PETTIT anv SETH B. NICHOLSON 


ABSTRACT 


Observational data.—The observations were obtained in the usual manner with the 
vacuum thermocouple at the Newtonian focus of the 100-inch telescope during the in- 
terval 1921-1927. The more complete data refer to eleven long-period variables, five 
irregular variables, two Cepheids, and Algol. 

The long-period variables.—Six long-period variables have been observed sufticiently 
to give curves of radiation at all phases. Their radiometric magnitudes m,, bolometric 
magnitudes m,, water-cell absorptions WC, radiation transmitted by the water cell 
myc and that eliminated by the water cell my are compared with the visual magnitudes 
m,. The mean curves for these six stars show that the maximum intensity of mye occurs 
0.04 phase later than that of m,; m,,0.1 phase later than m,; and my and mp,0.14 phase 
later than m,. The real energy-maximum, therefore, occurs 50 days later than the 
light-maximum, at a time when the star is 1.5 mag. fainter than its greatest brightness 
The mean variation of m, is 1.01 mag.; WC, 0.71 mag.; myc, 1.63 Mag.; My, 0.92 mag.; 
mp, 0.89 mag.; and m,, 5.9 mag. An additional list of ten long-period variables, observed 
on a few nights only, shows no abnormal characteristics and indicates that the fore 
going results are probably representative for stars of this class. 

Temperatures and diameters of long-period variables.—On the average the tempera- 
tures range from a minimum of 1800° K to a maximum of 2350° K, the phases agreeing 
nearly with the corresponding phases of light. The coolest star of type Me so far ob- 
served is x Cygni, which varies from 1630° to 2260° K. The average variation in diame 
ter necessary to explain the observed variation in energy is from 07033 to 0%048, which 
is 37 per cent of the mean. R Hydrae has the largest maximum diameter, 07065. The 
velocity-curve of o Ceti deduced from the radiometric measures is in phase with what 
would be expected from the Cepheids, but opposite to the phase observed spectroscop 
ically. The observed variations of energy may also be explained if the absorption in 
the shorter wave-lengths does not vary in phase with the total energy. 

Irregular variables and other red stars —¥ our M-type stars of this class were observed. 
Their variations in radiometric magnitude are small, probably about 1 mag. in five of 
the light-variation. Five N-type stars show the same characteristics. The lowest tem- 
perature so far measured for any star is somewhat less than 1500° K, for V Cygni 
near minimum. R Cygni, type Se, shows characteristics like those of Me stars. Ten 
faint stars of large color index were examined, but showed no characteristics which 
would place them in the class of the giant Me stars at minimum. 

Cepheid variables —The radiometric magnitudes of 7 Aquilae and 6 Cephei are in 
phase with their light-curves. Unless the parallaxes are larger than those usually 
assigned, the variations in radial velocity are too small to be detected by radiation 
measurements involving errors greater than 0.01 mag. 

Algol_—The radiometric changes in Algol are in phase with its variations in light. 
The measurements indicate that the eclipsing companion is of early type, but later than 
the primary component, as has been shown by the spectroscopic evidence. The range 
of brightness from beginning to middle eclipse is 1.08 mag. for both m, and myc. The 
photoelectric range determined by Stebbins is 1.20 mag. 


A brief statement of the observational data obtained on the radia- 
tion from variable stars at maximum and minimum phases has al- 
* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 


ton, No. 478. 
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ready been published.? The methods employed in making and re- 
ducing the observations have also been described.* The galvanom- 
eter deflections obtained with the vacuum thermocouple at the 100- 
inch telescope were reduced to a system of radiometric magnitudes 
and water-cell absorptions in which all instrumental and atmos- 
pheric variants were accounted for. The standard conditions select- 
ed were: star in the zenith at Mount Wilson; two reflections from 
fresh silver in the telescope; rock-salt window on the thermocouple. 
The radiometric system of magnitudes is so chosen that the radio- 
metric and visual magnitudes are equal for the brighter stars of 
class Ao. 
VARIABLE STARS OF LONG PERIOD 

Nineteen stars of type Me and two of type Se were observed, six 
at all phases, five at most phases, and ten on only a few nights. The 
mean results from.the eleven stars best observed were: radiometric 
range, 0.9 mag., corresponding to a visual range of 5.3 mag.; average 
temperature at maximum and minimum, 2350° and 1830° K; average 
diameter at maximum and minimum, 07025 and 0’029; mean abso- 
lute bolometric magnitude, — 3.2, corresponding to that of a Cepheid 
of about ten days’ period. Detailed observations throughout the 
light-cycles of these stars will be discussed here. 

Table I gives the observational data, including the visual magni- 
tude m, (obtained from the Harvard College Observatory), the radi- 
ometric magnitude m,, and the water-cell absorption WC. The phase 
is determined from the light-curves independently for each cycle 
with the aid of the dates of the preceding and following maxima 
given in the second column. The visual magnitudes of o Ceti, X 
Ophiuchi, and R Aquarii in Table I have not been corrected for the 
light of the companion star, but such corrections have been included 
in the corresponding curves in Figures 1, 7, and 11. 

The data in the last three columns of Table I (for the eleven stars 
best observed) are plotted against the phase from the third column 
in Figures 1-11 inclusive. The symbols employed show the cycle to 
which each observation belongs. Each plotted value of m, and WC 

2 Mt. Wilson Contr., No. 369; Astrophysical Journal, 68, 279, 1928. 

3 Ibid.; Mt. Wilson Contr., No. 246; Astrophysical Journal, 56, 295, 1922. 
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TABLE I 
OBSERVATIONS OF LONG-PERIOD VARIABLES 
Juuran Day Juuian Day 
VIs. a VIS. | = 
My my W¢ | My m W¢ 
PHASE . ‘ PHASI ’ 2 
Obsn. /|Max.* Obsn. Max.* 
021403 o Ceti Moe 

242.. |242 242 242... 
3233 3572|:0.201 5§.3/—0.25| 1.561) 4053 0.71] 9.0|+0.80} 1.97 
3260 28) 6.3}/—0.05| 1.07|| 4052 7I| Q.Oi-- .70| 1.04 
3261 29! 6.4/—0.06| 1.66}! 4086 81} 8.6/+ .65|) 1.78 
3293 .39| 7-6)+0.26] 1.81]} 4111. .88} 6.6/+ .39 : 
32905 40} 7.7\/+0.28) 1.80]] 4139 4153 90| 4.1/7 .O8] 1.20 
4232. .48} 8.3/-+0.50| 1.96|| 4210 ; ES; S.Ol— 34) 3.44 
3380 .67; 8.3]/+0.60) 1.81)| 4358 .60} 8.8/+ .84| 1.95 
2281. . 67; 8.2)+0.56| 1.86)| 4380 67| 9.1|/+ .76) 1.89 
3411. -77| 7-9|+0.65| 1.75|| 4407 75| 8.4/+ .70) 1.81 
3472 3482) .97| 3.0/—0.04] 1.22|| 4473 4487) .90}/ 3.60/— .11| 1.31 
3617 39| 6.8/+0.33] 1.92|| 4524 IIj 4.0|/— .22| 1.47 
3045 47| 8.2!+0.62| I.g0]] 4564 ~23| §-O|— .22] 1.00 
3700. .64) 9.2/-+1.01| 2.18)| 4765 87| 6.4/+ .46] 1.64 
3738. | 29at ©. 24-126) '2-13)| 4706 4808} .97/ 3.4/— .15] 1.12 
3768 82} 8.4/+0.98] 1.77)| 4850 - -13] 4.4|— .10| 1.83 
3795 3830} .90) §.6)/+0.43) 1.51)| 4883 0.23) 5-4/—0.24) 1.55 
4027 0.64] 9.2/+0.85] 2.06 

023133 R Trianguli Mse 
3322 3340) 0.91 7.3) 3.95) 1.50)| 4530 4135} 0.00) 0.1/ 3.49] 1.15 
3382 14; 7.0) 3.30] I.30]| 42I0 27; 9.0] 3.00) 1.04 
3412 25} 8.9) 3.62) 1.23}) 4358 83} 7-9} 3.90) 1.20 
3472 48} 11.4) 4.36) 1.65)) 4350 QI} 7.0} 3.56) 1.09 
3473 45) 11.5) 4.25 4407 4404; .O1] 6.2) 3.48) 0.96 
3045. 36010 13} 7.2) 3.41] 1.28]| 4408 02} 6.3} 3.53) 0.64 
3700 37| 10.1} 3.68 4473 20) 9.2) 3.760) 1.29 
3708 Oo} II.2}| 4.07} 1.05]) 452 40) I1.2} 4.19} 1.26 
3795 71} 9.5] 3-99) 1.34|| 4564 4666 O2| 10.4) 4.23) 1.35 
3850 3571 92} 6.9} 3.81] 1.22|| 4765 «| O30) BOS] 4.27) F.34 
4051 0.67 9.9| 4.3 1.16 
081112. RCancri M7e 
3173 3135) 0.10) 8.1) 1.71) 1.73)| 3850 3577| 9.93} 7.2] 2.15] 1.49 
257 Io} 8.2) 2.16) 1.46]| 3909 ; 09g}; 7.5| 1.78) 1.67 
332 51} 11.3] 2.86] 2.72|| 4210 4239 92} 6.2) .2-50) ¥.43 
3382. 66} 10.2} 2.71] 2.34/| 4270 08} 7.9} 2.14) 1.81 
3383 67| 10.2} 2.92] 1.69/] 4473 63} 10.9} 2.68) 2.00 
3412 75| Q.-2| 2.43} 2.00)} 4524 77| 10.0} 2.04) 1.82 
3472 3506; .gt; 8.1; 2.43) 1.51)| 4564 87} 8.2) 2.36) 1.82 
3738 : 62} 10.2} 2.48] 2.41|| 4625 4011 04; 7.0} 1.82) 1.94 
3768 71} 9.6} 2.40) 1.92/| 4850 64| 11.2] 3.12] 2.30 
3795 0.78} 9.2) 2.37) 1.81]] 4883 4982] 0.73] 10.4) 2.82) 1.96 
| | | | 
| | 


* Nearest visua] max. 
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TABLE I—Continued 


Juuian Day | JuLIAn Day 


VIs. | — VIs. | = 
ee My | Mm, WC ened My m, WC 
SE SE 


Obsn. | Max.*| Obsn. | Max.* 


093934. KR Leonis Minoris M8e 


242. 242 242 242 
3382. 3120) 0.72] 11.8} 2.80} 2.17]|| 42I0 4243) 0.91} 8.8) 2.58] 1.64 
3412. 80} 10.5} 2.64] 2.11|| 4268 O97] 7-5) 2.031 3.86 
3472 3485 96} 7.1} 2.26) 1.44]| 4296 ; 14; 8.8) 1.98 1.80 
3557 Ig} 8.5) 2.03] 1.86]] 4525 ; 74| 10.8) 2.66] 2.31 
374° 67; 11.8) 3.00) 2.10)| 4564 85] 9.4) 2.63) 1.94 
3768 .74| I1.2} 2.96] 1.54/| 4592 ; .93| 7-4) 2.38) 1.74 
3795 81] 10.5} 2.73) 1.67|| 4624 4620} .o1] 6.5) 2.02] 1.63 
3850 3866} .96) 7.3} 2.45) 1.71|| 4671 E3l JG) 2c¥7) Fe 70 
3908 It] 7.8) 2.08].....]| 4883 .69] 12.3] 3.04] 1.94 
3943 ° sas 9 3} 2.10] 1.87!| 4997 5002] 0.99] 7 2.12) 1.52 

| | 
094211 RLeonis M8e 
S23 3027| 0.48} 9.9} 0.96) 2.29/| 3908 ee 0.83} 8.4) 0.60} 2.04 
3174 48} 9.9] I.1I] 2.24|| 3943 3963) .94| 6.2 .06] 1.74 
3196 55| 10.0] 1.04] 2.27/| 42I0 eg .81} 8.8 83) 1.99 
3107 . : 55} 10.0} 1.00) 2.30]! 4268 4268) .00} 6.2 og! 1.78 
3325. 3334) -.97| 5.8] 0.10) 1.77)| 4296 OO) O27 oR) 2.0% 
3382 .16| 6.6] 0.15] 1.94|] 4473 .69} 9.3 .82] 2.16 
3384 .16} 6.7) 0.07] 1.89/| 4524 .86} 7.6 55) 1.85 
3412 26] 7.8} 0.22] 2.09]| 4564 4566} .99} 5.8 .20) 1.60 
3472 46| 9.9} 0.85] 2.25|] 4592. 08} 6.1 40) 3.53 
3503 50; 10.2] 0.97} 2.10]; 4024 Ig} 6.8 .O7} 1.96 
3533 66} 9.2) 0.47) 2.14]| 4055 290| 7.2 .44| 2.13 
3557 3634) .74) 8.4) 0.53) 1.99] 4671. -34, 7-9)  -55) 2.09 
3739 32} 8.4) 0.38) 2.17|| 4850 , g3} 6.2 37| 1.59 
3768 411 9.3] 0.72] 2.31]| 4883 4872} .04) 5.9 sFSl 323 
3795. 49| 10.0} 0.81! 2.30)| 4997 coe] OrQE) BlGl OS4b 2.86 
3850. 0.66) 9.9) 0.06) 2.22|/. Mer Sheer care Lice wane ees 
132422 RHydrae M8e 
3173 3047} 0.31} 8.2/+0.25| 2.06|/ 3981 ; 0.28) 7.3\+0.00] 2.00 
3174. a 31} 8.2\+0.75| 2.08] 4210 .83| 7.8/+ .48) 1.66 
3196. .36| 8.8)+0.56) 2.08) 4268 .97| 4.8/+ .06] 1.54 
2942. .46| 9.5|/+1.28) 1.72/| 4296 4282 03) 4.7|—= .G0) 3-82 
3260 .§2] 9.O\-+TI. 2.05|} 4525 .58} 9.4/+ .67| 2.10 
3413. .89) 6.3)/+0.48 1.56)) 4505 .68) 8.5)+ .70) 1.95 
3472. 3455, -04; 4.8)+0.06| 1.50)! 45092 -74, 7-7|\+ .46) 1.87 
3503... , | .12] 6.0}-+0.02] 1.72|| 4624 .82| 7.2I-+ - 40) 1.83 
3557. : .25| 7.4|+0.07| I.95|} 4071. -93| 5§-3I+ 81 1.64 
3796. ...| 3863! .83) 7.1/-+0.37] 1.66); 4703 4698} .o1| 4.6/-+ .21] 1.48 
3908. weeee] .1I] 5§.1}+-0.18} 1.65]) 4998 | .73| 7-7i- .26) 1.84 
07 aes (ace | 0.19 6.2}—0.35| I.Q2|| 5045 510g! Oo 84 6 a disia 1.04 
| 








* Nearest visual max. 
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TABLE I—Continued 
JuLian Day | JULIAN Day 
Vis. m m WC | ee My m WC 
PHASE ’ PHASE . 
Obsn. Max.* } | | Obsn. Max.* 
183308 X Ophiuchi Mé6e 
242 242 242. 242 
/ 31906 2155) 0:.52| 7.1) +T.64) 1-83] 4266... ©.31! 8:9] 2:01 
3260 31| 8.4) 1.84] 1r.90|| 4260....|... 32| 8.7] 1.94] 2.01 
3293 Qi) S.7| 2.31 4290 40| 8.4) 2.12] 2.10 
3322 49| 8.9} 2.41; 2.39]| 4358 g5| &.4| 2.23) 2.06 
3533 3493 12} 7.2! 1.55) 1.85|| 4380 65| 3:2) 2.02] 2.01 
3557 20; 7.7) 1.54) 1.82!) 4381 a G5| G.2) 2.27) 1.82 
3620 40} 8.6) 2.29) 1.68]) 4446 4498 84! 7.7| 2.00] 1.69 
3044 47| 8.7| 2.22) 2.01|| 4503 28} 8.4) 2.10] 1.84 
3908 3814 27| 8.0} 1.56} 1.72|| 4654 46| 8.6) 2.44) 2.11 
3943 37, 8.4) 1.73) 1-75|| 4703 61| 8.3) 2.26) 1.74 
3044 37| 8.4) 1.72] 2.19]| 4734. 70| 8.0) 2.10) 1.59 
| 4027 61; 8.6} 2.12] 1.60]| 4768 80} 7.8} 2.06) 1.58 
| 4051 4163 68} 8.4! 1.99} 1.80]! 4798....| 4836} 0.89} 7.2} 1.90) 1.31 
4211 : 0.14; 7-3} 1.57) 1-77 
190108 R Aquilae M7e 
eee = ——— — 
3196....|.....| 0.84] 9.8] 2.89] 1.95|| 4027... ic vel Qos BY.61 2.60; 2.08 
pe oe oe 3240 OO} “O15 2.57) TAO sost. «21% « 60] 11.7; 2.70) 1.97 
a erie 04] 7.1} 2.02] 1.65]| 4268....| 4174] .30} 8.6] 1.89).. 
g201 ... ox 05; 7.41 1.98] 1.0G6i| 4200...../. -| «Ol OO} -204) F.02 
j 3203 .15} 8.4) 2.03] I.91!| 4358 5 Pee) 60} 10.9} 2.66] 2.21 
2224). 24 9.8} 2.15] 2.14]|] 4380. eee 67} 10.6} 2.24; 2.01 
3381 ; Br |e & ae ee Te | 4407.. ~ 75) O:97| 2.23] 2.80 
3382.. 44) I1.2| 2.67| 2.06)| 4446 Soon .88} 7.4] 1.99) 1.80 
3534 93) 6.2) 1.87) 1.57) 4474....| 4483) .97) 5.9 1.63) 1.50 
3558. 3556, .0o0o} 5.8) 1.72] 1.46)| 4624 ; 45| 10.6; 2.46 
3617. -I9Q} 7.9} 1.79) 1.78} 4654 ar SS) 25S! 2.08) 302 
36044. 28} 8.8) 2.04] 1.95]| 4671.. 60] I1.2}| 2.80) 2.11 
3909 3870 13} 7.6) 1.65] 1.87]|| 4703 70| 10.4] 2.58] 1.83 
3043. 24; 9.8) 1.95) 2.08]] 4765 seth QO] 7.2| 2.38} F.40 
39044. : 44} 10.0) 1.90) I.91|| @700..../.... go] 7.0; 2.11] 1.50 
2073. ; .34| 10.7] 2.009] 2.26]! 4798....| 4796 or} 6.0} 1.71] 1.46 
3990 : ©.40] II.I} 2.30] 2.03)| 4998....| 5097] 0.67] 10.7] 2.10} 1.96 
193449 RCygni Se 
3557 vas} O2O2} 9.4) (4000) 2.301 ag8r....).....1 0.82] to.2] 4.20) Tae 
3017 3588 07/ 6.5| 3.76) 1.07|| 4408.. : oo] 9.1] 4.20] 1.52 
3045 13} 7-0) 3.55) 1.40|| 4473----| 4457 04; 7-1) 3.54) 1.20 
4053 4030 05, 8 SO) BoB EH A FOF «<5. |o so. 573) 23:0| §.02 
4086 13} 9.1} 3.62) 1.59]| 4799.. 4889] 0.79] 12.1} 4.38] 1.66 
4359 0.77) 2.41 4£-60] 2 :90i. =... : 





* Nearest visual max. 
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TABLE I—Continued 
| | | 
JuLtan Day | | | Juuian Day 
VIs. | | 3 VIs. | — 
ia ty | m WwW | PHASE m | m, | WC 
Obsn. |Max.*| | | | Obsn. Max.*| } 
| } | | 
| | | | | 
194632 x Cygni Mé6pe 
242 242 | 242... 242. . 
3233 0.77| 9.9) 1.18) 1.81}| 4269 .| -@:32] 16.2) 6.54) 2.40 
3293 92} 5.9} 0.91} 1.58)| 4206... de .39| 11.1] 0.89] 2.32 
3205. 92} 5.8} 0.91] 1.57\|| 4358 ; -§4| 12.7] 1.34) 2.22 
3322 3326] .99) 4.7| ©.59| 1.64)| 4380.... : .§9| 12.8] 1.40) 2.78 
3482. 14] 6.5} 0.44] 1.83]} 4407. 66] 12.31 14.27) 2-20 
2532). SI] 12.7} 1.22) 2.81/| 4408 66) 12.2) :23) 2.32 
2089. . 72} 10.7} 1.08] 1.88)] 4473 82) 7.0} 0.88) 1.64 
3644 eta .79| 8.4] 0.94] 1.77]! 4593 4549 II} 5.4) 0.42} 1.84 
3730.. 3730 02} 4.9| 0.46] 1.53|| 4624 : .I9} 6.6) 0.54) 1.97 
3908. . are -44| II.7} 1.02] 2.38)]] 4654 : 20] &.5| 6:56) 2.24 
3909. 44) FES. 0706) 2:55) 4078. ....[-5 30} 9.5] 0.98) 2.34 
3044... ; S3| 12.9] 3.32) 2: 751] 4703 ve 38] 11.2} 1.22} 2.80 
3074. : 60} 13.6 1.56 47695 o4 54| 12.7 I.71| 2.43 
3001. ; 64] 13.4] 1.76 4766 fs 54| 12.8) 1.84) 2.68 
4027... Ree .73| I1.7| 1.34] 2.10]| 4799 Oa} 33.2) FFB. a7e 
4051... 1p .79| 10.8] 1.27] 2.09]! 4997 4952 Iti 6:9) ©.:42| F.03 
4086....| 4136) .88) 9.1] 1.28) 1.96)} 5067... «sf O:36F O71 GvAGl 2252 
AQTE cafes cax| ORE Jeo, “OAer 20S. ay eee A Pabala aialaiasea ae eae 
233815 RAquarii M7e(+Pec.) 
3903.. ....«| 3072) O.57)-O.7) 2cS2r 2.33 soon. .| 0.39} 9.5] 1.99] 1.78 
42068. SO. 27) 2. S4h 2.26) 4055. « . 54, 10.5) 2.45] 2.55 
3322.. : .65| 9.3} 2.38) 2.25] 4086 ..| .63) 10.4) 2.38) 2.38 
3381.. is .80} 9.3} 2.38] 1.86)]} 4111 4230} .69] 10.2} 2.31] 2.74 
SAE... cl »OGr O-Ob 2.26 | 4358 ae? 33) 9.6} 2.08] 2.20 
SAE S. 3458 88} 8.9} 2.04] 1.92/| 4350 30) O:7| 2.38} 4723 
ZOTF 6 cchiawas| <42p OF3h 2.27) B.O4ll 4407- ae 451 10:3) 2:46) 2.92 
Cir) ee ene | .49] 9.4] 2.27] 2.07]| 4473 vcs) GG) O2Q Bopei-ag 
2928. ou closssal, «%3} Gel) 2.04) 2-44l) 4705 4622} .37] 9.9] 2.12] 1.98 
3708. ...| 3841] 0.81} 8.9) 2.04] 1.98]] 4798 5008} 0.46] 9.8) 2.22] 2.08 
| | | 


| 


| 

* Nearest visual max. . | 
represents a single observation, but the plotted m, is the mean of 
several observations. 

In the case of o Ceti, X Ophiuchi, and R Aquarii, the dotted por- 
tion of the light-curve shows the probable magnitude of the variable 
at minimum phase as determined from the relation between HJ and 
WC already given,’ thereby correcting the light-curve for the com- 


4 Mt. Wilson Contr., No. 369; Astrophysical Journal, 68, 279, Fig. 3, 1928. 
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panion star. In the case of o Ceti, the heat index at maximum light, 
which is not affected by the companion star, is 3.67 mag., 1.1 mag. 
greater than normal for its water-cell absorption. At minimum its 


TABLE Ia 


Harv. 2 Julian | aad | Vis. | | es 
No. Name Dey Type | Shee | My | m, Wc 
a 242... | 
001755 T Cas 3324 M8e 0.21 0.4 rs 2.3 
084803 S Hya 3383 M4e 84 8.8 5S >2.0 
3795 44 12.9 5.2 2:5 
4524 27 II.9 4.7 2i:§ 
II5919. R Com} 4270 M4e .gI 10.2 6.5 >2.0 
1 32706 Svar 4269 M7e .98 6:8 | .-2:6 1.6 
4592 85 OG4- |) B85 
4025 .94 7 0 2.2 1.8 
134440 RCVn!| 4269 | Mée | 42 10.5 3.4 2.0 
4290 |. ex 10.9 3.8 Es 
— : 
142205 RS Vir 4297 M6e 28 2.9 1.3 
4360 |. 44 4.2 Be 
4592 |. .98 3.0 
| | | 
151714 S Ser 42907 | Mse | .7r | 12.6 4.4 >2.0 
| 4360 , soo | SE..7 4.7 2.0 
171401 Z Oph 3205 Mze | Gs | 23.3 | 7.8 
IQIOI7 Tf Ser 3557 | Se .94 10.2 44 1.4 
3620 .O9 8.6 4.1 He 
3045 |. .16 | 9.5 4.0 1.8 
4360 |. .98 7.8 4.0 r.7 
| 4g6r |. 04 5:0 | 3.6 1.8 
a eee .10 a5 | 4:3 1.8 
ie: cy Ze eee 98 9.0 4.8 1.4 
4799 |. -O7 9-5 4.3 1.3 
194048. RTCyg} 3261 Mze | 93 7.2 | 8.2 1.0 
| 3295 |. Ir | 7.4 | 5-4 1.3 
3324 0.26 | 87 | 5.4 1.9 





water-cell absorption is 2.04 mag., corresponding to a normal heat 
index of 8.0 mag. On applying the correction +1.1 mag. found at 
maximum, the heat index becomes 9.1 mag., which, added to the 
radiometric magnitude at minimum, +0.86 mag., gives the visual 
magnitude at minimum, namely, 10.0. Combining this with the 





RADIATION FROM VARIABLE STARS 327 


visual magnitude of the binary at minimum, 9.0, we then obtain 9.6 
for the visual magnitude of the companion star. Its value has been 
estimateds at 9.8. 

The observational data for X Ophiuchi and R Aquarii are so 
scattered and deficient near maximum phase that estimates of the 
visual magnitude of the variable and its companion from the radio- 
metric measurements are subject to much uncertainty. So little is 
known of these stars that the results, although somewhat uncertain, 
may be of interest. 

For X Ophiuchi the heat index at maximum light, 4.76 mag., is 
0.9 mag. greater than normal for its water-cell absorption, which 
gives for minimum light a heat index of 9.2 mag. Since m, at this 
phase is 2.33, we find the visual magnitude of the variable at mini- 
mum to be 11.5—a value about a magnitude fainter than that esti- 
mated by G. Van Biesbroeck.® Since the observed m, for the com- 
bined light of the two stars is 8.8 mag., the magnitude of the K-type 
companion would be 8.9. 

R Aquarii is known as a double star only by its spectrum.’ Its 
maximum light is about 6.5 mag.® The observed range in light, 3.5 
mag., is much too small for its range in radiometric magnitude, 0.8 
mag., or in its water-cell absorption, 1.0 mag., which is further evi- 
dence of a companion. The heat index at maximum, 4.6 mag., is nor- 
mal for its water-cell absorption, 1.5 mag. The heat index at mini- 
mum corresponding to its water-cell absorption, 2.5 mag., is 11.2 mag. 
Adding the radiometric magnitude, 2.5, we find the visual magnitude 
at minimum to be 13.7, a range of 7 mag., which is normal for the 
range of 1 mag. in WC. The resulting magnitude of the companion 
star 1s 10.0. 

An interesting fact shown by the curves in Figures 1-11 is that 
the radiometric magnitude is brightest about 0.1 cycle (30-40 days) 
after maximum visual brightness, and that the water-cell absorption 
is least at maximum visual brightness. Further evidence of the gen- 
erality of this condition is given in Figure 12, which shows the aver- 

5 A. H. Joy, Mt. Wilson Contr., No. 311; Astrophysical Journal, 63, 281, 1926. 

6 Publications of the Yerkes Observatory, 5, Part I, 136, 1927. 

7P. W. Merrill, Publications of the Astronomical Society of the Pacific, 39, 48, 1927. 

8 P.M. Ryves, Monthly Notices of the Royal Astronomical Society, 87, 576, 1927. 
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Fics. 1-5.—Radiation-curves of long-period variable stars 
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Fics. 6-11.—Radiation-curves of long-period variable stars 
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age curves for the six best-determined stars, o Ceti, R Leonis Minor- 
is, R Leonis, R Hydrae, R Aquilae, and x Cygni, the average period 
of which is 359 days. The other stars lack observational data at 
critical points and have not been included in these averages. Inter- 
esting comparisons may also be made with the radiation transmitted 
by the water cell and with that eliminated by the water cell. 
Magnitudes determined with the light transmitted by the water 
cell, myc, which includes most of the radiation from \ 0.3 to 1.3 p, 
give a light-curve relating to the visual and near infra-red region. 
These magnitudes may be obtained by referring the deflections taken 
with the water cell in the light-path directly to the comparison stars, 
or from the relation 
Myc=m-+WC , (1) 


where m, is the radiometric magnitude and WC the water-cell ab- 
sorption. Similarly, we may obtain magnitudes relating to the radia- 
tion of wave-length longer than 1.3 yw, which is not transmitted by 
the cell, from the relation, 


IO ie 
My = My o— - log (2.51 °WC-9-08) — 1) —0.08 , (2) 


where the constant, 0.08 mag., is due to the radiation reflected from 
the water cell. For the Me stars at minimum, the effect of this cor- 
rection is +0.01 mag., but it becomes of greater importance for 
earlier classes, reaching +0.51 mag. for class Bo. 

The bolometric magnitude m, is given by the formula’ 


m,=m,—Am_+0.9 , (3) 


where Am, is the reduction to no atmosphere, and the constant is so 
determined that m,=™m, for giant stars of type Go. 

The mean curves for m,, m,, WC, myc, my, and m, shown in 
Figure 12 are drawn to scales adjusted to give the curves approxi- 
mately the same amplitudes, which facilitates the comparison of 
their shapes. 

9 Mt. Wilson Contr., No. 369; Astrophysical Journal, 68, 279, 1928. See the section 
entitled ‘“‘Bolometric Magnitudes.”’ 
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It will be noted that the maximum intensity of myc occurs 0.04 
phase later than that of m,; m,, 0.1 phase later than m,; and my and 
m;, 0.14 phase later than m,. Hence the maximum of emitted energy 
occurs later when we measure radiation of longer wave-lengths, where 
presumably the titanium oxide bands become less important. It ap- 
pears, therefore, that the real maximum of energy in these stars is 
reached about phase 0.14, or 50 days, after the maximum of visual 




















Fic. 12.—Average radiation-curves of the six best-determined long-period variable 


stars. 


brightness, at a time when the stars are 1.5 mag. fainter than at 
maximum light. 

The temperature indicated by the water-cell absorption reaches a 
maximum nearly at the time of maximum of light, but decreases 
relatively faster as minimum is approached. This circumstance prob- 
ably accounts for the fact that the titanium oxide bands are weakest 
at maximum light and not at maximum energy. When the light is 
decreasing, the temperatures are lower than for the same magnitudes 
during increasing light. The maximum difference of about 150° C 
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occurs when the brightness is 2 or 3 mags. less than maximum light. 
To account for the observed phenomena by absorption alone would 
require a variation in the absorption of the star’s atmosphere to the 
violet of 1.3 wu, which is not in phase with the variation of light. 
Changes in the star’s diameter can be assumed which would bring 
the observations into accord, but those required do not agree with 
the velocity-curve in the case of o Ceti (Fig. 1), the only variable of 
this type for which a velocity-curve has been observed spectrographi- 


cally. 








SSE 





Fic. 13.—Spectral energy-curves of long-period variable stars at maximum and 


minimum of temperature and light. 


Figure 13 shows the effects of the atmosphere and water cell on 
radiation from these stars considered as black bodies, near maximum 
and minimum temperatures. Black-body curves for 1800° and 
2350 K have been multiplied by the transmission of the mean at- 
mospheric water-vapor content” for Mount Wilson, 0.7 cm, and by 
the coefficients of reflection for two freshly silvered surfaces. The 
result is the energy as it would be observed at the telescope. The 
dotted curves show the radiation after transmission by the water 


© Mt. Wilson Contr., No. 369; Astrophysical Journal, 68, 279, 1928. 
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cell. The intensity scale corresponds to zero radiometric magnitude, 
which is the average of the six best-observed stars at maximum out- 
side our atmosphere. 

The visual sensibility-curve (maximum at 0.555 u), multiplied 
by the energy from the curve inside the atmosphere, is shown on an 
enlarged scale above its position on the principal curve. It will be 
noted that the energy concerned in the large variations of visual 
magnitude is but a small fraction of the total, whereas that con- 
cerned with the smaller variation of the whole radiation is large. 
The data in Table II were obtained from curves of this sort connect- 
ing temperature with water-cell absorption and heat index. A meas- 
urement of the areas of these curves gives the following results: (1) 
the water-cell absorption, which is practically confined to the violet 
slope of the energy-curve, varies from 1.5 at maximum to 2.3 mag. 
at minimum. The actual observed averages from Figure 12 are 1.5 
and 2.2 mag., respectively. Since the temperatures were determined 
from the water-cell absorptions, the agreement ought to be exact, the 
small difference of 0.1 mag. being due to the use of 1800° K in mak- 
ing the curve instead of the observed mean, 1830° K. (2) The range 
in light between maximum and minimum temperatures is 3.4 mag., 
while the actual observed range shown in Figure 12 is 6 mag. The 
former range depends on an assumed constant stellar diameter and 
will be affected by any changes in this dimension between maximum 
and minimum, as will be discussed later. At least a part of this dis- 
crepancy of 2.6 mag. must be due to absorption in the atmosphere of 
the star, which affects the visual light much more than the near 
infra-red.’ Titanium oxide is probably the principal absorbent. 

The heat index is not, therefore, a simple criterion of temperature, 
and the water-cell absorption probably gives a much nearer approxi- 
mation. Even the water-cell absorption is to some extent affected 
by titanium oxide, since, as A. S. King" has shown, these bands are 
present at wave-lengths approaching 1 yu, but, being less frequent 
there than in the visual region, do not affect the water-cell absorp- 
tions as much as the heat indices. We have therefore estimated the 
temperatures from water-cell absorptions only. 


Unpublished observations. 
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TEMPERATURES AND DIAMETERS FROM RADIATION MEASUREMENTS 


We have already given in tabular form’ the temperature of a 
star as a function of its water-cell absorption and also of its heat 
index, obtained on the assumption of black-body radiation passing 
through an atmosphere with a water-vapor content of 0.7 cm as 
above Mount Wilson, two reflections from silver, and a rock-salt 


TABLE II 


COMPUTED HEAT INDEX AND WATER-CELL ABSORPTION 


HEAT INDEx 


ABSOLUTE at : ATMOSPHERIC 
Cunseumane —_ 7 WATER-CELL Seaneelins 
TEMPERATURE | —— semua Am, 

| No.555 hu Xo.5290 mu 

Mag. Mag. Mag. Mag. 
24000°... +o.01 +o.01 +0.17 +2.84 
20000... ‘ 0.OoI 0.OI1 0.18 2.35 
PINE ss eles 8b ores 0.OoI 0.00 0.19 1.84 
I4000..... 0.00 0.00 0.20 ey 
I2000.... 0.00 0.00 0.21 1.26 
I0000.... re 0.02 0.05 O.24 1.00 
8000.... era 0.07 0.12 | 0.29 o.71 
7000... 0.12 0.18 | 0.32 0.60 
6000 ©.20 0. 33 0.37 0.49 
MID 8 inj chess 0.48 0.59 0.40 0.4! 
Pe ee 0.92 1.08 0.63 0.41 
on a ee I.gI 2.28 1.00 0.45 
POO os oa cleo: 2.81 3.32 I.34 0.57 
a 4.32 5.16 I .63 °.7I 
T5O0... +7.29 +8.58 +3.03 +o.96 


window on the thermocouple. For convenience, the results are re- 
printed in Table II. Between 5000° and 1500 K, these tempera- 
tures are represented by the simple relationship 


T = 3000° WC (3.03 >WC>0.46) , (4) 


with maximum errors of +66° at 1500° K and —50° at 4ooo’ K. For 
temperatures greater than 6000° K the equation does not give even 
approximate values of T. Below 4000° K the exponent —o0.623 gives 


12 Mt. Wilson Contr., No. 369; Astrophysical Journal, 68, 279, 1928, Table IV. 
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better values of 7, the maximum deviation being —g° at 2000° K. 
A modified form of the equation, namely, 


log T= 3.477—0.623 log WC (3.03 >WC>0.63) , (5) 


is more convenient for computation. 
If a star radiates like a black body without darkening at the limb, 


its diameter, d, is given by 
log d= 5.276—2 log T—o.2 (m,—Am,) , (6) 


where Am,, the atmospheric absorption in magnitudes, is connected 
with the water-cell absorption, WC, by the linear relation 


Am,=0.252+0.234WC (3.03 >WC>0.63) , (7) 


for which the maximum error is 0.01 mag. at WC =0.63. Substitut- 
ing the equivalents of log 7 and Am, from equations (5) and (7) into 


(6), we obtain 
log d2=1.246 log WC+0.0468 WC—0.2m,—1.628 (8) 
(3.03 >WC>0.63) . 


Equations (5), (7), and (8) hold only for stars later than gG6 and 
dK2. The temperatures and diameters given in Table III were com- 
puted with formulae (5) and (8). 

The average diameters of the six best-observed long-period varia- 
bles in this table are 18 per cent larger at minimum than at maximum 
light. The theoretical range of 3.4 mag. in visual light was based on 
the WC temperature and on the assumption of constant diameter. If 
the variation in diameter is real, the computed visual range would 
be 3.1 mag., leaving a discrepancy of 2.9 instead of 2.6 mag. between 
the observed range and that computed from black-body conditions. 

The effect of darkening at the limb on the computed diameters 
and temperatures of stars is known only for the sun. Eclipsing varia- 
bles indicate that darkening at the limb exists, but give little evi- 
dence as to the amount. Just what should be expected in the long- 
period variables is difficult to surmise, but probably we should come 
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nearer the truth by applying corrections for darkening in total radi- 
ation as though the star behaved like our sun." 
TABLE III 


TEMPERATURES AND DIAMETERS OF THE LONG-PERIOD VARIABLES 


Visual ~ : Visual af) 
Phase I d Phase m, W¢ 7 d 


021403 o Ceti Moe 023133 R Trianguli Mse 
0.0 —o.19| 1.23] 2640°|} 07038 0.0 3.54| 0.87] 3270°| 0.0043 
I — .28] 1.34] 2500 044 I 3-41 I.1g| 2690 0069 
2 — .21] 1.53] 2300 052 2 3.48 | 1.33] 2510 0078 
3 — .o1] 1.70| 2160 055 g 2.95 | E39 | 2490 0073 
4 + .31| 1.87] 2030 055 4 4.11 | 1.38] 2460 0062 
5 + .58] 1.98] 1960 O52 5 4.20|] 1.37] 2470 0050 
6 + .83] 2.04] 1920 .049 6 4.2 I.35 | 2490 0056 
7 + .83] 1.94] 1990 045 5 4.08] 1.33] 2510 0059 
8 + .68/] 1.75] 2120 042 8 3.89 | 1.30] 2550 0063 
0.9 +o.33| 1.49} 2340] 0.039 0.9 3.72| 1.19] 2690! 0.0060 
o81112. RCancri M7e 093934 RLeonis Minoris M8e 
0.0 2.06] 1.52] 2310°| 0.018 0.0 2.14] 1.57] 2270 | ©0718 
I 1.88 | 1.80] 2080 025 I 2:02 | 1.71 | 2350 022 
2 (2.03)| (2.12)} (1880)} (030) 2 2.16| 1.89] 2020 024 
3 (2.37)| (2.40)] (1740)] ( .031) 3 (2.47)| (2.09)| (1900)) ( .024) 
4 (2.70)| (2.49)| (1700)} ( .028) 4 (2.78)| (2.25)) (1810)| ( .023) 
5 2.94| 2.49] 1700 025 5 (3.08)} (2.32)] (1780)} ( .021) 
| 6 2.81 | 2.38] 1750 025 6 (3.11)| (2.32)} (1780)) ( .021) 
7 2.62} 2.04] 1920 O21 7 2.95 | 2.15] 1860 020 
/ 8 2.44} 3.73 | 2130 o18 8 7 Bey I.QI | 2000 O19 
| 0.9 2.25} 1.51] 2320] 0.016 °.9 2.44| 1.71 | 2150] 0.018 
| 
094211 RLeonis M8e 132422 RHydrae M8e 
| 0.0 0.17| 1.68] 2170°} 0050 || 0.0 +o.12] 1.50| 2330°| 0.043 
I 0.10} 1.80] 2080 057 I —0.01| 1.65] 2190 053 
i 2 0.17 1.97 IQ70 062 2 —0.04] 1.59 | 2020 005 
3 0.38] 2.11 1880 063 ES +0:..30'| 2.05 1920 062 
4 0.68] 2.2 1820 060 4 +0.95| 2.08! I9g00 047 
5 1.00} 2.28] 1800 053 5 +1.06] 2.060] IgIo 044 
i 6 0.93] 2.23] 1820 053 6 +o.81| 2.02] I940 048 
i 7 0.74| 2.13] 1880 054 7 +o.61 | 1.91 | 2010 049 
! 8 0.55 | 1.98} 1960 053 8 +0.43| 1.76) 2110 047 
; 0.9 0.35 | 1.78] 2090] 0.050 0.9 +o.27] 1.61 | 2230] 0.045 


3. A. Milne, Philosophical Transactions of the Royal Society, A, 223, 208, 1923; 
Handbuch der Astrophysik, 3, Erste Halfte, 148, 1930. 
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TABLE 
isual = ? ; 
hgucy m we 1 We 1 d 
Phase 
183308 XOphiuchi Moée R Aquilae M7e 
0.0 1.74 | 1.44] 2390 1.87] 1.51 | 2320] 0.020 
I 1.62] 1.54] 2290 1.79| 1.72]| 2140 024 
2 1.58] 1.70; 2100 I.57/| 1.93} I9gQg90 028 
3 1.84} 1.89] 2020 2.04| 2.04] 1920 028 
4 2.16| 2.10| 1890 2.34| 2.04] 1920 024 
5 2.32| 2.10] 1890 2.70} 2.05] 1920 021 
6 2.20] 1.93] 1990 2.68} 2.04} 1920 O21 
7 2.08} £593 | 2530 2.45| 1.93 | I990 O21 
8 r.97 | 1.50) 2200 24} 1.75} 2120 020 
0.9 1.85 | 1.40] 2370 06! 1.56; 2280] 0.019 
193449 RCygni Se 2 x Cygni Mope 
0.0 3.78 | 1.12] 2790°| 0.0054 || 0.0 0.60} 1.60} 2240°| 07038 
I 3.58 | 1.38] 2460 0078 I 0.42} 1.80] 2080 049 
2 (3.80) (1 72)| (2140 ( .0097) 2 0.49| 2.03} 1930 057 
3 (4.06)} (1.85)}| (2050)) ( .0095) 3 0.77| 2.24] 1820 057 
4 (4.32)| (1.90)| (2010) ( .0088) 4 1.08| 2.45 | 1720 057 
5 (4.50)| (1.90)| (2010)| (. .0078) 5 1.39} 2.64| 1640 056 
6 (4.86)) (1.90) — ( .0069) 6 1.56] 2.50] 1700 O47 
” (4.907 5 (1.84)! (2050)| ( .0062) 7 1.34| 2.16| 1860 042 
8 4.44 | 1.64} 2200 0007 8 1.09| 1.84] 2050 037 
0.9 4.08] 1.38); 24600] 0.0062 || 0.9 0.55} 1.00] 2240| 0.034 
233815 RAquarii M7e (+Pec R Aquarii (cont.) 
0.0 (1 .87)| (1. 50)|(2330°)| (o%019) |] 0.5 2.38] 2.24 1820°} 0°027 
I (1 79) (1 .60)| (2240)| ( .022) ( 2.51| 2.46] 1710 030 
2 (1.81)| (t.72)| (2140) ( .024) 7 2.33| 2.34| 1770 030 
Bis (1.96)| (1 (2040)| ( .025) 8 2.16| 2.02] 1940 026 
0.4 2.16 | 2.03] 1930] 0.026 0.9 2.00} 1.74| 2120] 0.023 


We have already pointed out that the total radiation per unit 
area from the center of the sun is 16 per cent greater than the aver- 
age from the disk; hence a solar constant of 2.25 cal cm min” 
should be used in computing the solar temperature from Stefan’s 
law. The result thus found, 5960° K, was based on a series of drift- 
curves made in the laboratory in Pasadena in July and August, 1921, 


14 Mt. Wilson Contr., No. 397; Astrophysical Journal, 71, 153, 1930. 
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with a vacuum thermocouple and 6-inch glass objective of 30-foot 
focal length. These measures were repeated in 1933 with a concave 
mirror of 40-foot focal length and a galvanometer circuit of 0.27 sec. 
period. Results for the intensities along a solar radius in units of the 
intensity at the center of the disk are given in Table IV. 


TABLE IV 


INTENSITIES OF TOTAL RADIATION ALONG A RADIUS OF THE SOLAR DISK 


YEAR = z 
0.0 0.2 | 0.4 0.5 0.6 | o.7 °.8 0.85 0.9 | 0.95 

LO2l .:. I.00 | 0.99 | 0.96 | 0.94 | 0.92 | 0.88 | 0.83 | 0.80 | 0.76 | 0.69 
BOSS oon I.00 | 0.98 | 0.96 | 0.94 | 0.91 | 0.88 | 0.84 | 0.79 | 0.74 | 0.68 


The averages of these figures show that the ratio of the intensity 
at the center of the disk to that from the disk as a whole is 1.17. 
Since temperatures of stars computed from radiation data are effec- 
tive temperatures for the whole disk, it follows that for darkening 
toward the limb like that of the sun they should be increased by 4 
per cent to obtain the effective temperatures at the center of the 
disk, i.e., photospheric temperatures. The diameters computed by 
equation (8), on the other hand, will be subject to little error, be- 
cause of the manner in which the values of WC and m, enter into this 
equation. 

VELOCITIES OF PULSATION 

If the variation in diameter obtained from the radiation measures 
is real, we may compute the radial velocity from one-half the first 
derivative of the diameter-curve corrected for the average projection 
on the line of sight according to the formula 


_3 Réd 
8 rét ’ 


v (9) 
where 7 is the parallax, R the astronomical unit, d the angular diam- 
eter, and v the radial velocity in the same units as R and ¢. Figure 1 
shows the velocity-curve for o Ceti, obtained in this manner from 
the radiometric data and a parallax of 07017, compared with that 
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obtained by Joy (dotted curve)'’ from the absorption lines in the 
spectrum of the star. Although the amplitudes of the variations in 
the computed and the spectroscopic radial velocities are of the same 
order of magnitude, they are nearly opposite in phase. 


OBSERVATIONS OF ADDITIONAL VARIABLES OF TYPE Me 

In addition to the eleven Me variables regularly observed, ten 
others were measured on a few nights in order to see whether any of 
them have abnormal water-cell absorptions or radiometric magni- 
tudes. The observational data are given in Table Ia. Since these 
stars are fainter than the eleven already discussed, the errors of 
measurement are larger; but there is no evidence that any of them 
is in any way abnormal. The conclusions drawn from the six best- 
observed stars are, therefore, probably characteristic of Me varia- 
bles in general. 


IRREGULAR VARIABLES AND OTHER RED STARS 

Four irregular variables of type M and five stars of type N were 
also measured from time to time. The results are given in Table V. 
The ranges in the individual values of m, and WC are small, and we 
may judge whether they represent real variations by comparing 
them with the residuals obtained from stars of known constancy. 
The average residual for m,, without regard to sign, is 0.03 mag. for 
stars of o.o radiometric magnitude, and increases with increasing 
magnitude to 0.08 mag. for m,=3.0 and to 0.12 mag. for m,=4.0. 
The average residuals for three irregular M-type variables, Betel- 
geuse, a Herculis, and R Lyrae, are about 0.02 mag. larger than the 
mean for standard stars of the same brightness. Since the stars of 
constant magnitude were used as standards for determining the other 
magnitudes, they should give somewhat smaller residuals, and the 
evidence of variability is, therefore, very slight. The mean residual 
for p Persei just equals the mean for stars of the same radiometric 
magnitude, and therefore indicates no significant variation in its 
total energy. 

The best evidence of variability among the N-type stars is that 
supplied by U Hydrae, the mean residual for which is 0.07 mag. 


5 Op. cit. 





340 EDISON PETTIT AND SETH B. NICHOLSON 


o | 


larger than for the standard stars of comparable radiometric mag- 


nitude. 
TABLE V 
Julian Day m Ww Julian Day m Ww 
Betelgeuse M2 a Herculis Ms5 
242 242 
3174 1.01 E25 3173 0.53 1.55 
3290 1.02 [£0 3190 75 I.42 
3472 1.04 [.19 3197 77 1.43 
3593 1.70 I.14 3233 07 1.51 
3790 1.54 oe E 3200 72 I.54 
452 i, 1.19 3201 72 I.50 
4525 1.5! i .23 3205 69 1.40 
4504 1.71 1.19 3323 73 1.506 
4884 r.62 r.iI9 3533 O7 I.54 
3555 50 I.50 
( ) 7( ( 
p Persei_ Mq oe | 1.48 
42090 70 I.59 
332 0.67 1.43 462 -0.78 LE .§2 
3945 64 [.25 
374° 03 1.23 
4110 605 ..23 
2 02 4 
oo ° 58 i 19 Pisclum No 
R Lyrae M5 3295 2.02 [.52 
= 3352 «ep FN I.40 
4359 2.03 1.49 
3197 0.62 I. 43 1351 2.10 1.54 
3233 05 I. 30 
3295 07 I. 35 
3324 59 1.58 
3393 62 1.44 
3533 59 r.45 U Hydrae N2 
3588 03 I.d50 
3044 7O eS 
3908 49 1.40 3173 2.10 I.45 
4027 62 I. 34 3174 2.106 I.4! 
4052 5° I.40 3413 2.23 1.46 
4268 64 1.50 3472 2.42 L=39 
4209 57 1.28 3709 2.20 I. 40 
4359 59 I.49 3790 2.07 I.52 
4380 56 1.48 3909 2.07 1.50 
4407 605 I.40 4210 2.19 1.47 
4592 604 1.38 270 2.47 ey, 
402 05 I.42 4207 2.33 I. 33 
4071 $2 1.49 4525 2.17 I.59 
4703 76 1.57 4625 2.35 1.59 
4705 0.66 1.35 4995 2.39 I.00 
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TABLE V—Continued 


Julian Day m WC Julian Day m, WC 
X Cancri N3 VX Andromedae N7 
242 4423). 
i oy 3-94 | I. 30 3233 4-37 2.44 
3174 3-29 1.05 3293 4.14 1.50 
3353 3-17 1.07 3324 4.07 I. 34 
3412 2.37 1.66 3353 4.22 1.69 
3705 3.20 1.51 4053 4.33 1.61 
39090 x ep ! I.02 4359 3.90 2.22 
4270 3-47 1.54 4405 4.25 2.07 
4524 3-03 I. 06 
4025 3.29 I.go yr . 
4850 3.28 E..S0 V Cygni N 
4051 3-51 3-40 
4405 3-69 3-52 


Another test of the reality of variability is the correlation of the 
variation of radiometric magnitudes with the variation of water-cell 
absorptions. The correlation plots for these stars are in general too 
scattered to afford definite conclusions, but Betelgeuse and U Hy- 
drae show a definite increase of about 0.7 mag. in water-cell absorp- 
tion per magnitude increase in m,, as in the case of the long-period 
variables, thus indicating that the observed changes in these stars 
are probably real. 

The largest water-cell absorption observed for any star is 3.5 mag., 
for the N-type variable V Cygni. The phases for the two observa- 
tions made on this star were 0.68 and 0.56, respectively; the visual 
magnitudes, 10.7 and 11.5; and the resulting heat indices, 7.2 and 
7.8 mag. Me-type variables with equivalent heat indices would have 
water-cell absorptions of 1.9 and 2.0 mag. The computed water-cell 
absorptions for black bodies with these heat indices are 3.0 and 3.1. 
The observed water-cell absorption and heat index indicate a tem- 
perature below 1500° K. V Cygni agrees with other stars of N type 
in indicating that they radiate more like black bodies than do the 
M-type stars having the same water-cell absorption. 

Only one star of type Se, R Cygni, was observed at enough phases 
to give an idea of its energy- and temperature-curves. The data for 
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this star are in Table I. The variations in energy and temperature 
(Fig. 9) are essentially like those of the Me stars. x Cygni has some 
of the spectral characteristics of S-type stars, but its radiometric 
curves show no marked deviations from those of normal Me stars. 

Ten faint stars of exceptionally large color index and of visual 
magnitude approximating that of the Me stars near minimum were 
observed on the recommendation of Merrill and M. L. Humason. 
None of these showed a sensible deflection, thus indicating heat in- 
dices not exceeding 4 mag. These stars are not, therefore, of the class 
of the giant Me stars at minimum. 


CEPHEID VARIABLES 
Two of the brightest Cepheid variables, 7 Aquilae and 6 Cephei, 
have been observed throughout the series of measurements. The in- 
dividual observations are given in Table VI. The epoch of observa- 
tion is Greenwich Mean Time, which has been reduced to the sun in 
the customary manner. The phases for 7 Aquilae have been com- 
puted from the visual maxima given by” 


J.D.= 2408827.690+ 741765164E+0.288 X 10° 7E? ; 


those for 6 Cephei by 


J.D.= 2393659.873+51366396E—0.84 X10 °F? . 

The median radiometric magnitudes of these stars, 3.46 and 3.66, 
respectively, are so faint that their accuracy is considerably less 
than for the bright Me stars. The water-cell absorption, which de- 
pends on the combination of measurements of free and water-cell 
deflections, is more uncertain than the radiometric magnitude, which 
depends on the free deflection alone; and, since its absolute value is 
smail for stars of this spectral class, the percentage error is much larg- 
er than for the Me stars. The curve of water-cell magnitude, which 
involves errors of the water-cell deflection only and has a much larger 
amplitude than the water-cell absorption, was easier to draw; hence, 
for these stars the radiometric and water-cell magnitudes were plotted 

© Kleinere Veréffentlichungen der Universitatssternwarte zu Berlin-Babelsberg, No. 11, 
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and the water-cell absorption determined for different phases by 
forming the difference between the mean curves. The water-cell 
magnitude, water-cell absorption, and radiometric magnitude are all 


TABLE VI 


Julian | Visual | ee a Julian Visual e _ 
Day Phase | : we |} Day | Phase we 
n Aquilae 5 Cephei 

242... | 243. 
3233. 885 0.392 | 3.45 | 3-97 3260.739...| 0.018 | 3.42 3-74 
3293.739.--. 732 | 3.69 | 4.33 3261. 750. 207 | 3.50 4.02 
3205-755. - O14 | 3.22 | 3.64 3261 .933 241 3.47 3.98 
3322.733-.-- 77 3-65 | 4.34 3295 .669 527 | 3-74 4.18 
3323. 738. . O12 | 3.44 | 4.06 || 3324.656 929 | 3-47 | 4.00 
3382.611. 116 | 3.25 | 3.80 3324-794 -955 | 3-40 3.93 
3620. 794. 305 | 3-43 | 3.83 3644 .697 567 | 3-75 4.30 
3044.744.. 642 | 3.71 | 4.18 36045 . 683 751 3.84 | 4.44 
3645.721. 779 1 3.90 4.28 3646. 8096 .977 2.5% | 3-92 
3646. 787. . 927 | 3-39 3.82 || 3739.782 285 | 3-74 4.06 
3908 . 993 .464 | 3.30 | 3.86 || 3768.703 675 | 3.78 4.44 
3909 905 509 | 3-57 | 4-13 3795 629 693 | 3-78 4.35 
3Q10.927 722 | 3.70 | 4.20 37960.627 876 | 3.67 49% 
3943-954. . 339 | 3.38 3.92 4051 .933 454 | 3.92 4.18 
3990. 785. 861 | 3.33 3. 86 4052.970 647 | 3.93 4.31 
3991 .945.. 023 | 3.22 3-54 4053.958.. 831 | 4.01 4.31 
4027.658... 999 2.2% 2.96 4139.701. .808 | 3.50 3.91 
4051668... 344 | 3-40 | 3.89 || 4359-777 818 | 3.80 | 4.34 
4053.669. . .623 3.03. | 4.2% 4360.727 .995 3.50 | 3.8% 
4269.985.. 766 2. oe 4.22 4381 .760 QI4 3.76 4.01 
4296.962 S24 | (3.80 4.29 4407 .952 .795 3.69 | 4.46 
4297.958.. 663 3.63 4.29 4408 .943.. 980 3.46 3.71 
4358.823... -145 | 3-28 | 3.92 || 4474.767 246 | 3.76 | 4.15 
4359-957... 303 | 3-42 | 3.77 || 4525.629 728 | 4.08 | 4.57 
4300.904. .. -435 | 3-53 | 4.25 4703 . 809 0.113 | 3.42 |........ 
4380.674.. 190 | 3.24 3.81 
4381 .732.. ‘S871 2-1 2 
4407.688... -953 | 3-30 3.83 
4408 .647.. .087 | 3.38 3.63 
4474.616.. 280 4.2 3.90 
46071 .947...| 777 3.74 4.28 | | 

3-45 | 4.23 | 


4703.925...| 0.233 | 


sensibly in phase with the visual magnitude. This result was to be 
expected, since the maximum of energy for stars of this class is in 
the visual region of the spectrum. 

For temperatures such as occur on the Cepheids, the change of 
water-cell absorption with temperature is so small that tempera- 
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tures and diameters computed from water-cell absorptions are sub- 
ject to considerable uncertainty. The rate of change of the com- 
puted diameters is still more uncertain, and parallaxes determined 
from radial velocities obtained from these measures have practically 
no weight. The mean diameters for these stars computed from 
equation (6) are: » Aquilae, 070021; 6 Cephei, o%o0o17. 











a J 7 


PHASE 





Fic. 14.—Radiation-curves of » Aquilae. Large circles are normal places 


The full lines in Figures 14 and 15 conform to constant diameter. 
The dotted lines conform to the spectroscopic velocities interpreted 
as pulsations and to parallaxes four times those given by the period- 
luminosity law.’? The curves corresponding to the parallaxes deter- 


17H. Shapley, Mt. Wilson Contr., No. 153, 145, 1918; Astrophysical Journal, 48, 
279, 1918. 
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mined from the period-luminosity law, values for which are given in 
Table VII, would lie one-fourth of the way from the full line to the 
dotted line, since constant diameter implies that the pulsations sub- 
tend a negligible angle. These two curves represent the observations 
about equally well; any study of diameters and parallaxes is there- 


fore prevented. 





———- 

















Fic. 15.—Radiation-curves of 6 Cephei. Large circles are normal places 


The visual magnitudes of 7 Aquilae were obtained from the aver- 
age of the light-curves determined by F. Becker,’* G. Hornig,” E. 
Breson,” and A. V. Nielsen.” These curves are from estimates by 

8 4 stronomische Nachrichten, 225, 1, 1925. 2» Thid., 196, 139, 1913. 


19 [bid., 201, 154, 1915. 1 [bid., 236, 58, 1920. 
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the step method relative to a field of comparison stars. The mean 
curve from these data is the broken line in Figure 14. 

For 6 Cephei the measures giving the best determination of the 
light-curve are probably those of J. Stebbins,” who made compari- 
sons with the optical companion by using a polarizing photometer. 
The range observed was greater than that of the other observers, but 
was not subject to correction for the light of the optical companion. 
The scale was fundamentally determined and does not depend on 
the magnitudes of different comparison stars. No scale zero was 
given, however, as the magnitude of the comparison star is somewhat 
uncertain. The zero point was determined for this paper by using 
the mean magnitude from the curves of S. P. Glasenapp and S. Be- 
liawsky,”? M. Luizet,* H. E. Lau,’s E. Breson,” G. Hornig,” E. H. 
Vogelzang,” and A. Johansson and A. V. Nielsen,” corrected for the 
light of the companion, which obviously was included in all these esti- 
mates. The mean curve fits that given by Stebbins best when a value 
of 6.55 mag. is assigned to the companion of 6 Cephei. The curve of 
Stebbins thus adjusted for zero point is shown by a broken line in 
Figure 15. 

Table VII gives data for each tenth phase, and Table VIII a sum- 
mary relating to maxima and minima, in which m,, m,, Myc, Mwc, 
and m, are the radiometric, visual, photoelectric, water-cell, and 
bolometric magnitudes, respectively. 

The photoelectric measures are those of C. C. Wylie and P. 
Guthnick ,** who used potassium and rubidium cells, respectively, both 
of which are sensitive to an effective wave-length of about 0.46 yu. 
The zeros of the scales were obtained for this paper by adding 0.7 
of the color index” to the visual magnitudes of the comparison 


22 Astrophysical Journal, 27, 188, 1908. 

23 A stronomische Nachrichten, 165, 225, 1904. 

24 Annales de l’Université de Lyon: Nouvelle série, Fasc. 33, 1912. 
25 A stronomische Nachrichten, 194, 231, 1912. 

26 Thid., 196, 139, 1913. 8 Thid., 214, 265, 1921. 
27 Tbid., 201, 154, IQI5. 9 Thid., 227, 139, 1920. 
Astrophysical Journal, 56, 217, 1922. 


«A stronomische Nachrichten, 208, 169, 1919. 
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32 J. Stebbins, Publications of the Washburn Observatory, 15, Pt. 1, 192 
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stars, making the photoelectric magnitude of 8 Aquilae, 4.60, and of 
e Cephei, 4.43. The bolometric magnitude was obtained from equa- 
tion (3). In Table VIII, WC is the water-cell absorption obtained 
from the water-cell magnitude by equation (1). The heat index, H7/, 


TABLE VII 
Phase m, m, m 1 d Phase m m a i 4 d 


n Aquilae 6 Cephei 


0.0 3.70| 3.20] 3.65| 5100°10.0020 || 0.0 3.62) 3.40! 3.81) 5500°\0"0016 
I 3.53} 3.24] 3.71] 4900 0021 I 3.760} 3.46) 3.39) 5300 OOI7 
2 3.95) 3-30) 3.79) 4590 0022 2 3.91] 3.53) 3.98) 5100 OO17 
3 3.99| 3.37| 3.88) 4600 0022 3 4.00} 3.61} 4.08) 4900 oo18 
4 4.12] 3.44) 3.97| 4500 0022 4 4.15) 3.68) 4.16] 4800 0018 
5 4.25) 3.53] 4.07| 4400] .0022 5 4.21! 3.75] 4.24; 4800] .0018 
6 4.39] 3.62] 4.17|4400| .0022 6 4.32| 3.83) 4.33|4700| .0018 
7 4.49) 3.71} 4.20, 4400 0021 7 4.37) 3-90) 4.40) 4790 OOI7 
8 4.34| 3.66} 4.18) 4500} .0020 8 4.32| 3.89) 4.37| 4800] .oo16 
0.9 3.95) 3.42) 3.90 4900 |0.0020 0.9 3.97) 3.64! 4.07) 5300 |O.0015 
TABLE VIII 
From W¢ 
STAR m m.. m m, Ww HI 
/ v pe 0 
HI Type T d 
n Aquilae: 
Max. 3.20] 3.70] 4.10] 3.69] 0.45] 0.50) 0.38) F7 5100°\0"0022 
Min. 3.92) 4.47) §.22 4.24 55 75 56 gG3_ _ |4400| .0020 
Range O..521 6.77) F.12)-6.55 10 25 18} 0.6Sp.div.| 700} .oo02 
6 Cephei: 
Max. 3.40) 3.62) 3.86) 3.85 41 22 30] Fs 5500} .oo18 
Min. 3.92) 4.38) 4.98] 4.43 50 46 47| gGo 4700] .OOI5 
Range.. 0.52] 0.76) 1.12] 0.58) 0.09] 0.24] 0.17| 0.5 Sp. div.| 800 |o.0003 


is the visual minus the radiometric magnitude. The data in the last 
four columns were obtained from the WC; the HJ and the type from 
the observed relation*’ between them and WC; the temperature with 
the aid of Table II; and the diameters from equation (6). The ranges 
are for the maxima and minima of the individual quantities, which, 


33 Mt. Wilson Contr., No. 369; Astrophysical Journal, 68, 297, 1928, Table V. 
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except in the case of the diameters, practically coincide with the 
maxima and minima of light. The ranges between maximum and 
minimum in all these quantities are nearly the same for the two 
stars. 

An interesting feature is the progressive increase in range from 
radiometric through visual to photoelectric magnitude. The visual 
range is about 0.24 mag. greater than the radiometric; and the photo- 
electric, about 0.36 mag. greater than the visual range. A simple 
extrapolation to \ 0.32 u, which is the farthest to the violet that can 
be observed without interference by the variations of atmospheric 
ozone, shows that the range in this extreme violet region ought to be 
about 1.5 mag., an estimate confirmed by the temperature range, 
provided the stars behave as black bodies at this wave-length. 


ALGOL 

Since the entire primary eclipse of Algol covers about 9.7 hours,™ 
12 hours are required to include a significant part of the curve before 
and after eclipse. A continuous series of measures through minimum 
phase must therefore be made when the star is in opposition. Such 
series were made on November 16, 1923, and November 20, 1924. 
Since it is impractical to use the 1oo-inch telescope at an hour angle 
greater than 5.5 hours, and since the corrections for atmospheric ab- 
sorption at large hour angles are uncertain, the measures were limit- 
ed to a period of about 9 hours. The minimum phase was displaced 
from the middle of the observing interval on each night in such a 
manner as to cover the desired 12-hour interval. 

The observing program consisted in alternate measures of the 
radiation from Algol and from p Persei throughout the night. A set 
of measurements included five deflections on the total radiation from 
Algol, five on the radiation transmitted by the water cell, five on 
that transmitted by a microscope cover-glass § mm thick, and an- 
other five on the total radiation. The procedure in observing p Persei 
was the same except that no observations were made with the cover- 
glass screen. Occasional measures were also made on a Persei and 8 
Andromedae as additional comparison stars. The average time re- 
quired to obtain a complete set of measurements on Algol and its 


34 J. Stebbins, Astrophysical Journal, 53, 105, 1921. 
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comparison star, yielding four complete determinations of the radia- 
tion from Algol, was 14.5 minutes. A fixed mirror placed close in 
front of the galvanometer mirror returned the light to the latter a 
second time before it reached the registering device, thus doubling 
the ordinary sensitivity of the galvanometer.** Both nights were 
clear, with fair seeing the first night and good seeing the second. 

The magnitudes of Algol may be derived differentially with ref- 
erence to the comparison star in the customary manner or by the 
method which we have used for the other variables. For the sake 
of homogeneity the latter method has been used. The atmospheric 
extinction was obtained from the measures of p Persei, the scale zero 
from the mean of the comparison stars, and the magnitude scale 
from the linear relationship of radiation to galvanometer deflection. 
p Persei was included as a comparison star, since Table V shows no 
definite variation in its radiometric magnitude. 

The observations of Algol are given in Table IX. The epoch of 
observation, reduced to the sun, is Greenwich Mean Time. The 
phases have been computed from the minima at 


J.D. = 2422619.7866+ 21867301E , 


the epoch and period given by Stebbins.** The four determinations 
of radiometric magnitude from each set of measures are given to- 
gether in the table: the first and last are from the free deflections; 
the second, from the deflection through the water cell corrected for 
the mean water-cell absorption of Algol, 0.23 mag.; and the third, 
from the deflection through the cover-glass corrected by 0.08 mag., 
the loss by reflection only, since the radiation reaching the thermo- 
couple from this star is not appreciably absorbed by the glass. The 
fact that the magnitudes derived in this way from the deflection 
through water cell and cover-glass agree with the direct determina- 
tion of radiometric magnitude is evidence that the difference in the 
temperatures of Algol and its companion is too small to be deter- 
mined from the water-cell absorption. The data of Table IX are 
plotted in Figure 16, the observations of 1923 being represented by 


35 Journal of the Optical Society of America, 10, 267, 1925. 








Julian Day 
G.M.T. 


242374-- 
0.0434. . 
.6402. 
.0492.. 


.6072 
.6095 
6718... 
.O741. 


.6864 
.6887 

6910 
.6932 


~ Q 

. 7054 
.7108 
7120... 
-7153 


.72560 

17278. 
7301.. 
57323. - 


7434--- 
7458 
.7483.. 
7504. «-- 


é7ORZ.. 

FRED... 
.7670 
. 7994 


. 7831 
7853 - 
. 7878 
.79QO1.. 


8008... 
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TABLE IX 


ALGOL 


Julian Day 











Phase mM. G.M.T. Phase 
1923 November 16 
| | | | 
| || 242374 | 
—o0.0899 | 2.23 || 0.8500......... | —0O.0177 
0890 | 2535 | .8518 0173 
0879 | 2.27 | .8551 o161 
8573 | 0153 
| 
0816 2.20 || .8706.. | O107 
0808 | 2.20 | 87209.. 00090 
.0800 | 2.17 || .8753 oog! 
0792 2.17 | 8776 0083 
0749 | 2.20 es aes 
0741 2.25 1| 8914 0034 
.0733 2.18 8938 .0026 
.0726 | 2.21 | . 8963 = ,GOr7 
(0673 | 2.%9 | 9083... ...| 4 .0025 
.0064 | 2.20 | BIOO 62654 0033 
.0657 | 2.20 .g129 0041 
.0649 | 2.21 | QI52 0049 
| 
| , 
Re 0613 | BeO!  T Ome eases certs 0095 
- .0605 | 2.22 | e— ere 0103 
0507 | 2.28 PORE t ow. | OII! 
.0589 | 2.25 || -9353 .O11Q 
.O551 | 2.31 | Bo Sr | eer ee | .O162 
0542 | 2.35 | 9503. - .O171 
0533 2.30 || .9530 o180 
.0526 2.38 |} .Q552 | o188 
|| 
0485 2.360 | OOS ios. 52s 4:0.) 0227 
ZA .0477 2.38 || .9687.. .0235 
.0468 2.42 SOF RG. 0244 
.0400 2.42 | Co <a 0252 
.O412 2.47 SOBROs  ai00s 0292 
.0404 2.49 9876. . 0301 
.0396 2.56 .9808. . 0309 
.0388 | 2.54 || 0 OOIG: 23.22% 0310 
|| 
0350 2.62 I} 26000... 66+: 0365 
| | 
0342 | 2.63 | T.0084.... 0374 
0334 | 2.64 || 1 OIOS. 2.55: 0352 
.0326 | 2:66 1] PxORSS....: 6625] +0.0389 
| || 
| | 
.0247 | 2.68 | 
.0238 | 2.79 || 
—0.0230 2.84 || 
i] 
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TABLE IX—Continued 
ilian Day | ulian Day 
sp ‘ cen : Phase m, ert Phase m, 
1924 November 20 
242411 242411 
0.6384 —0.0505 2.16 GO. 0494... + O0.0133 3.03 
64c8 0490 2.35 8243 0144 3.51 
6431 0488 2.42 8275 O155 2.97 
6455 0480 2.21 5302 o164 2.97 
6741 0380 2.44 8490 0230 2.86 
6767 0371 2.53 8513 0238 2.80 
6793 0362 2.58 8535 0245 2.81 
0519 0353 2.41 5559 0254 2.73 
6991 0203 2.68 glog 04406 4:33 
7019 0283 2:93 Q123 0451 2.36 
7040 0276 B79 g156 0462 2.38 
7007 0207 yy 9183 0471 2.45 
7224 .O212 2.90 9395 0545 2.32 
7249 0203 2.86 9417 0553 2.28 
7270 : O194 2.QI1 9439 o501 2.30 
7300 o185 2.75 9466 0570 2.28 
7458 .0130 | 3.10 9598... 0616 2.33 
7484 O121 3.05 9627 .0626 2.18 
7507 OI13 3.08 9648 sie 0634 2.26 
7532 O104 233 9675 ae 0643 2:36 
7690 .0049 3.21 994! wale 0730 2.25 
5 EA 6 ; .OO41 3.22 9962 .0743 2.19 
7739 0032 3.18 0.9986 scale .O751 ye 
7702 .1| —0.0024 3.39 I.OOI2 +0.0761 2.21 
7907 2 +0.0047 | 3.10 
7993 .0050 | 3.10 
0.8017 ..| #o.0065 | 3.18 


circles and those of 1924 by squares. The full line is the radiometric 
curve representing the mean of both series, normal places for which 
are indicated by large circles. The broken line is the light-curve de- 
termined by Stebbins with a selenium cell and a photoelectric cell, 
both of which give essentially the same curve. 

Table X gives the radiometric and photoelectric magnitudes just 
before and just after eclipse and at minimum, with their ranges. 
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The photoelectric range is 0.12 mag. greater than the radiometric: 
and the photoelectric magnitude is fainter than the radiometric, 
not only at mid-eclipse where the difference is greatest, but through- 


©.0 5.0 49 
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Fic. 16.—Radiation-curve of Algol 


TABLE X 


m, m 
Y pe 
Mag. before and after 
eclipse... 2/21 2.20 
Mag. at minimum 3.20 3.40 
Range... 1.08 1.20 


out the period of occultation—a circumstance probably due indirect- 
ly to the lower temperature of the occulting star, although the tem- 
perature difference is too small to be detected from the water-cell 
absorption. 

The observed epoch of minimum phase, J.D. 2424110.7880, was 
0.0017 period, or 7 minutes later than that computed. This differ- 
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ence in phase may be removed by using a mean period of 24867310 
for the four-year interval between the photoelectric and the radio- 
metric measures. 


We wish to acknowledge the assistance of Miss M. L. Richmond 
in measuring the photographically recorded deflections and in the 
rather involved processes of reduction. 

CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
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THE TITANIUM OXIDE AND ZIRCONIUM OXIDE 
BANDS IN STELLAR SPECTRA’ 
By R. S. RICHARDSON 
ABSTRACT 

The percentage of ZrO and Ti0 molecules dissociated at different temperatures and 
pressures has been calculated. The behavior of the ZrO and 770 bands in S- and M-type 
spectra is discussed on the basis of these calculations. 

One of the most interesting results that may be obtained when the 
analysis of a molecule has been made and its heat of dissociation is 
known is the degree of dissociation of the components at different 
temperatures and pressures. The recent investigation of the zirco- 
nium oxide (ZrO) and titanium oxide (770) bands by F. Lowater’ and 
A. Christy, respectively, supplies the data necessary to interpret the 
behavior of these compounds in stellar spectra. 

The equation of dissociation equilibrium for molecules is‘ 
—5041D 


7 +3 log T+3 log M+log G 


log K= 
—hy 


+-log (ugh) —log IT—39.688. (1) 


The constants in (1) for ZrO were obtained as follows: 

K, the equilibrium coefficient, is equal to pz,po/pPz,0, where p 
is the partial pressure of the components indicated. Let x be the 
fraction of ZrO molecules dissociated and P the sum of the partial 
pressures of the reacting substances, then 


Dy 

K= f aa . 

La 

D, the heat of dissociation, was calculated by the method of Birge 
and Sponer,’ which involves an extrapolation from the observed vi- 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 479. 

2 Proceedings of the Physical Society of London, 44, 51, 1932. 

3 Astrophysical Journal, 70, 1, 1929. 

4 Ibid., p. 8. , 5 Physical Review, 28, 259, 1926. 
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wn 


brational levels to the unobserved limiting level at which the interval 
between consecutive levels would vanish. The expression used is 


ww? 


D=———}w, (2) 
40 Xe 

where w, is the frequency (cm) of vibrations of the nuclei with in- 
finitesimal amplitude about their equilibrium positions, and x, is a 
small constant which takes into account the fact that the vibrations 
of the nuclei are anharmonic. For the lower level of ZrO these con- 
stants are, with sufficient accuracy, w.=940 cm‘ and w,.x,=3.5 
cm‘. The corresponding value for the heat of dissociation is D= 
7.5 volts. 

G is given by the expression g7,g0/gz,0, where g= }-(2J +1) for all 
levels of a multiplet. For an atom, J, the total quantum number, is 
equal to L—S, L—S+1, L—S+2,....L£+5S, where L and S are, 
respectively, the quantum numbers for the orbital and spin angular 
momenta. The values of J are indicated by subscripts on the right 
of the term symbol. Since the lowest state of Zr is °F, , 4, z= 
5+7+9=21. The lowest state of oxygen is *P,,;,,., therefore g,=9. 
The lowest state of ZrO is ‘II, and the corresponding quantities for 
this molecule are A=1, S=1, so that J=2, 1, 0, giving g7,0=9. 
Hence G= 21. 

I, the moment of inertia of a molecule, is found from a rotational 
or fine-structure analysis of the band system. Such an analysis is 
not available for ZrO, but a moderately accurate estimate of J can be 
obtained from an empirical relation discovered by P. M. Morse,° 
namely, 

r> w,~Const. , , 


where r, is the distance between the nuclei in their equilibrium posi- 
tion. Equation (3) holds fairly well for a wide variety of electronic 
states, even of different molecules. For molecules composed of two 
atoms having nearly the same atomic weight, the constant has the val- 
ue 3X10 cm’. If the atoms differ considerably in atomic weight, as 
in the case of the hydrides, the constant may be as large as 6 X10 * 
cm’. The writer has computed values of r2w, for all the metallic oxides 


6 Tbhid., 34, 57, 1929. 
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for which these quantities are known. By plotting these results against 
the logarithms of the atomic weights of the metals, a roughly linear 
relation was obtained. This process gave for ZrO, riw.=4.5 X10 7", 
from which r, can be found, since w, is known. The moment of in- 
ertia is defined by 


[=ypr?, (4) 


where yu is the reduced mass of the molecule.’? Substitution of nu- 
merical values into (4) gives for ZrO, I =64 X10 * gm. cm’. 

The other constants in (1) are: v, which for the II state of ZrO 
equals w.c, where c is the velocity of light; in this case, vy = 2.8 X 10° 
sec. ‘, approximately. 

MzMo 
M= 

M zro 


in which the various M’s represent the masses of the components in 
gram mols; and finally, 7 equals absolute temperature. 
Insertion of numerical values into (1) gives for the final working 


equation 
2 2 ‘ 1340 
x?  —37,800 ‘ me ( —s 
log a ge —log P+ log T+log \1-e ? ) +1.53. (5) 


The heat of dissociation is by far the most important constant in- 
volved in (5), since a small error in D will make a large error in x. 
The value of 7.5 volts for ZrO is necessarily quite uncertain, but, 
when compared with 6.74 volts given by Christy® for 770, appears 
to be of about the right order of magnitude. All the observational 
evidence available indicates that ZrO is more stable at high tempera- 
tures than 770. P. W. Merrill? states that “‘....in general the tem- 
perature range for the production of the zirconium bands is higher 
than that for the titanium bands.” Likewise, A. S. King’s” investi- 
gation of ZrO and 770 in the electric furnace showed that “‘. . . . the 

7 See W. Jevons, Report on Band-S pectra of Diatomic Molecules, p. 24, 1932, for de- 
tails in the calculation of y. 

8 Op. cit., p. 7. 

9 Mt. Wilson Contr., No. 325; Astrophysical Journal, 65, 45, 1927. 


0 Publications of the Astronomical Society of the Pacific, 36, 140, 1924. 
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zirconium bands belong to the oxide and their presence indicates a 
distinctly higher temperature stage than that required for the bands 
of titanium oxide.”’ 

Equation (5), together with the corresponding equation for TiO 
given by Christy," furnishes a basis for interpreting the behavior of 
ZrO and TiO bands in stellar spectra. The principal observational 
facts’ are as follows: 

Stars of Class S——The ZrO and 770 bands occur simultaneously in 
stars of class S. In the variables, the ZrO bands are present during 
all or most of the light-cycle, being slightly weaker near maximum, 
when the star is presumably at a higher temperature. The 770 bands 
are either absent or extremely weak at maximum, but may be strong 
when the variable is fainter. 

Stars of Class M.—The TiO bands occur alone in this class, and in 
the later divisions completely dominate the spectrum. The tempera- 
tures of the M and S stars probably overlap. Several lines of inquiry 
indicate that the S-type stars are probably lower in density than 
those of class M. 

Figure 1a shows the percentage of 770 and ZrO dissociated at dif- 
ferent temperatures for a constant pressure of 10 ° atmospheres; Fig- 
ure 1b, the percentage dissociated at different pressures for a con- 
stant temperature of 2500°. It is clear from Figure 1a that as a vari- 
able star approaches maximum and the temperature increases, the 
TiO is rapidly dissociated and disappears from the spectrum at about 
3000. The ZrO decreases slightly in intensity, but not nearly so 
much as the 770; for when 770 is about to disappear, ZrO is only 
about 60 per cent dissociated. Similarly, Figure 1b shows that 770 
is much more sensitive to pressure changes than ZrO, and cannot 
exist at a temperature of 2500° if the pressure falls below 10 ° at- 
mospheres. Since in the atmosphere of a variable star the tempera- 
ture and pressure probably vary simultaneously, the effects pro- 
duced in the band spectrum may be very complex. The simple the- 
ory outlined here, however, seems adequate to account for the general 
nature of the spectral changes. 

The fact that 770 alone is found in M-type stars can be explained 
if their density is greater than stars of class S, as indicated by the 


11 Op. cit., p. 8. 2 Merrill, Op. cit., p. 41. 








358 R. S. RICHARDSON 


observations. Suppose the pressure and temperature in the atmos- 
phere of a star to be 10 4 atmospheres and 2500”, respectively. By 
referring to Figure 1), it is seen that neither 770 nor ZrO is appreci- 
ably dissociated,so that the two compounds would compete on a more 
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Fic. 1.—Diagrams showing the percentages of TiO and ZrO dissociated at different 


temperatures and pressures. 


nearly equal basis. But as the vast difference between the amount 
of Ti and Zr present in stellar atmospheres greatly favors the forma- 
tion of Ti0 over ZrO, the band spectrum of 770 would still be by far 
the more prominent spectral feature. 
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A PHOTOMETRIC STUDY OF SUN-SPOTS 
AND FACULAE'’ 
By R. S. RICHARDSON 


ABSTRACT 


The intensities of sun-spots and faculae at different distances from the center of the 
sun’s disk, relative to the intensity of the surrounding photosphere, have been deter- 
mined from the direct photographs of the sun taken at Mount Wilson since 1925. The 
photographs were calibrated by assuming that the intensity across the disk for the 
effective wave-length of the plate corresponds to that given by Abbot. Direct standard- 
ization of plates of the same brand by diaphragming the objective shows that on the 
average they do not differ from Abbot’s intensities by more than 4 per cent. 

The measurements on sun-spots indicate that the ratio of intensity of any part of 
the spot to that of the surrounding photosphere is independent of the distance from the 
center of the disk. The observations can be represented better by assuming that sun- 
spots are in radiative rather than in adiabatic equilibrium. 

The relation between the intensity and the area of sun-spots was investigated by 
measuring the intensity of the penumbra in fifteen spot groups. The areas of the indi- 
vidual spots, corrected for foreshortening, ranged from 78 to 2860 millionths of the 
sun’s visible hemisphere. The logarithms of the areas plotted against the intensity 
ratios, penumbra/photosphere, indicate a roughly linear relation. 

The intensity of the faculae relative to the surrounding photosphere was measured 
at various points between 0.60-0.95 of the distance from the center of the disk to the 
limb. Minnaert and Wanders have advanced a theory of the faculae based on the fact 
that a rising column of gas expanding adiabatically will be brighter than its surround- 
ings if the ratio of the specific heats is less than 1.33. A fair agreement with the observa- 
tions can be obtained by assuming a ratio of specific heats equal to 1.14. 


I. INTRODUCTION 

Sun-spots are commonly explained as regions of relatively low 
temperature produced by gases rising in a vortex and cooling by 
adiabatic expansion.’ The general acceptance of this explanation is 
remarkable, because most of the direct observational evidence is 
rather unfavorable to it. For example, it does not account naturally 
for the most striking characteristic of sun-spots, namely, the sharp 
boundaries between the umbra, penumbra, and photosphere. An- 
other difficulty is the absence of measurable upward velocities in 
the umbra. But it is difficult to abandon the adiabatic hypothesis, 

« Contributions from the Mount Wilson Observatory, Carnegie Institution of Washing- 
ton, No. 480. 

2H. N. Russell, Mt. Wilson Contr., No. 217; Astrophysical Journal, 54, 293, 1921; 
V. Bjerknes, Mt. Wilson Contr., No. 312; Astrophysical Journal, 64, 93, 1926; S. Rosse- 
Jand, Mt. Wilson Contr., No. 313; Astrophysical Journal, 63, 356, 1926; R. M. Petrie, 


Monthly Notices of the Royal Astronomical Society, 90, 480, 1930; E. A. Milne, ibid., go, 
487, 1930; A. Unsdéld, Zeitschrift fiir Astrophysik, 1, 138, 1930; 2, 209, 1931. 
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because it is practically the only process known sufficiently powerful 
to produce the relatively low temperatures observed in sun-spots.* 
In their recent work on the theory of sun-spots, Minnaert and 
Wanders? have discussed in detail two important consequences of 
the adiabatic theory which can be compared directly with observa- 
tion: (1) the ratio of intensity between spot and photosphere for 
different wave-lengths and (2) the ratio of intensity between spot 
and photosphere at different positions on the disk. In accordance 
with the usage of Minnaert and Wanders, (1) will hereafter be called 
the “‘wave-length variation” and (2) the ‘‘angle variation.’’ Min- 
naert and Wanders found that the adiabatic theory fails com- 
pletely to represent observations for the wave-length variation. 
They were unable to test the adiabatic theory for the angle varia- 
tion because the observational data then available were very poor. 
In order to provide data suitable for comparison with theory, the 
intensities of sun-spots and faculae at different distances from the 
center of the disk have been measured relative to the intensity of the 
surrounding photosphere. These data are presented in this paper 
and compared with theory, together with several by-products of 


the measurements. 


2. OBSERVATIONAL MATERIAL 


The observational material was obtained mostly from the direct 
photographs of the sun taken at Mount Wilson since 1925 as a part 
of the routine solar work. Since two photographs are taken on every 
clear day, it was possible to select from the large number of plates 
available only those of the finest quality. The diameter of the solar 
image on these plates is about 17 cm (6.5 in.). Two types of plate, 
sensitive to different spectral regions, have been used: (a) Contrast 
Bromide plates, very high in contrast, taken without a filter, the 
effective wave-length being \ 4330; (b) Yellow-Green Sensitive 
plates, also very high in contrast, used with an orange filter, the ef- 
fective wave-length of plate and filter being \ 5780. 

3V. A. Ambarzumian and N. A. Kosirev, Astronomische Nachrichten, 233, 107, 1928; 
E. Pettit and S. B. Nicholson, Mt. Wilson Contr., No. 397; Astrophysical Journal, 71, 


153, 1930; R.S. Richardson, Mt. Wilson Contr., No. 422; Astrophysical Journal, 73, 210, 
1931; C. Ex Moore, Mt. Wilson Contr., No. 446; Astrophysical Journal, 75, 222, 1932. 


4 Zeitschrift fiir Astrophysik, 5, 297, 1932. 
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In addition, several photographs of a large sun-spot were taken 
especially for this investigation at the 150-foot tower telescope where 
the diameter of the solar image is about 425 mm. These were ex- 
posed behind a red filter on a plate of moderate contrast, Slow Pan- 
chromatic C. The effective wave-length of the plate and filter is 
6450. 

The Contrast Bromide and Yellow-Green Sensitive plates were 
not standardized when taken. The only means of calibrating them is 
to assume that the intensity across the disk for the effective wave- 
length of the plate corresponds to that given by Abbot’s® bolometric 
measurements. A portion of the characteristic curve which includes 
the penumbrae and faculae is thus obtained for each plate. Intensities 
for the umbrae could be found only by extrapolating Abbot’s meas- 
urements out to the limb, where the intensity was taken to be zero. 

In order to find how closely the distribution of intensity across the 
direct photographs really conforms to Abbot’s measurements, four 
Contrast Bromide and four Yellow-Green Sensitive plates were ex- 
posed in the usual way and standardized directly by diaphragming 
the objective. The intensity distribution for each plate was then 
found from four series of nine readings each across the disk in four 
directions 90° apart. On the average, no single series of intensities 
differed from Abbot’s by more than 4 per cent. 

The influence of an error of 4 per cent on the final results was in- 
vestigated by determining the intensities of the penumbra from a 
series of disk intensities which differed from Abbot’s on the average 
by this amount. A comparison with the intensities of the penumbra 
based on Abbot’s measurements gave the results shown in Table I. 
The two sets of intensities differ systematically by an average of 
about 2 per cent. A reduction from Abbot’s intensities to the Mount 
Wilson values would be hazardous, however, since we have no as- 
surance that plates taken several years ago would show the same 
systematic difference in intensity as those used for the test. The 
most that can be said is that the intensities of the sun-spots given 
later on are probably not in error on the average by amounts greater 
than those shown in Table I. 

‘Annals of the Astrophysical Observatory of the Smithsonian Institution, 3, 159, 
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The Slow Panchromatic C plates were standardized over the de- 
sired range of intensity by diaphragming the objective at the time 
they were exposed. 

An ideal set of plates for this investigation would consist of daily 
photographs taken during good seeing of a large sun-spot as it passes 
across the disk. The importance of the definition must be empha- 
sized, for it is the most serious source of error present. Unsteadiness 
of the image scatters light into the sun-spot and tends always to 
make its intensity approach that of the photosphere. Hence, inten- 


TABLE I 
PENUMBRA 
INTENSITY 
PHOTOSPHERE 
PLATE sIN 0 Mt. W.— AsBoT 
Mt. Wilson 
P 7287a 0.76 0.87 +0.04 
VAOT0. <> 5. : .76 . 86 + .06 
TEOO... 70 84 rere) 
7500.. ; . 63 78 — (oI 
7285 a 60 77 03 
7293. 55 71 03 
7292 30 72 02 
7290 29 72 00 
72Q1a. 26 .64 .08 
72916 26 72 03 
7511 0.20 0.74 =. O48 


sity measurements of a sun-spot as it moves across the disk will be 
misleading unless made under uniformly good seeing conditions. 

Among about forty-eight hundred photographs of the sun taken 
at Mount Wilson since 1925, a series of nine Contrast Bromide and 
eight Yellow-Green Sensitive plates were found that satisfied all the 
requirements. These seventeen plates form the principal basis for 
the study of the angle variation for sun-spots. The study of the 
angle variation for faculae is also based on these plates and, further, 
upon several isolated plates which have been given equal weight. 
In addition, ten plates of high quality were measured to investigate 
a possible relation between the area and relative blackness of sun- 
spots. The Slow Panchromatic C plates were used primarily to ob- 
tain the distribution of energy over a sun-spot. 
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3. REDUCTION OF OBSERVATIONAL MATERIAL 

The photographic density of the sun-spots was determined from 
tracings made with the Koch registering microphotometer. The 
reduction of a plate was effected by making a drift-curve across the 
spot from the center of the disk to the limb. Abbot’s intensities 
across the disk were extrapolated outward from g5 to 100 per cent 
of the solar radius and plotted against the corresponding densities 
found from the drift-curve. Although the characteristic curves thus 
obtained are satisfactory in appearance, it must be remembered that 
the extrapolation is large and rather arbitrary in character. The 
densities of the sun-spots were measured from tracings twenty times 
the scale of the drift-curves, and the corresponding intensities were 
read from the characteristic curves already found. 

The densities of the faculae were obtained from direct scale read- 
ings of galvanometer deflections. The density across the disk was 
derived from readings taken on either side of the faculae up to dis- 
tances of 95 per cent of the solar radius outward. The characteristic 
curve of the plate was then determined as before by plotting the 
densities against Abbot’s intensities. It was unnecessary to extra- 
polate this curve in order to find the intensities of the faculae. 

After the intensities for the spots or faculae had been measured by 
the methods just described, they could be referred to the surround- 
ing photosphere either by measuring directly the density near the 
given object and then reading the intensity off the characteristic 
curve or by assuming the intensity at this point on the disk to be the 
same as that given by Abbot. Both methods were used and gave 


concordant results. 


4. THE ANGLE VARIATION FOR SUN-SPOTS 

Figure 1 shows the contours of two sun-spots at different distances 
from the center of the disk for effective wave-lengths of \ 4330 and 
d 5780. 

The contours for \ 4330 were made on spot No. 9637 of the Green- 
wich series which appeared in latitude +15°6 and had a maximum 
area on April 30, 1925, of 883 millionths of the sun’s visible hemi- 
sphere. The contours for \ 5780 were made on Greenwich No. 11280, 
latitude —6°9. The maximum area of this spot occurred on August 
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13, 1930, when it equaled 382 millionths of the sun’s visible hemi- 
sphere. All intensities are in terms of the photosphere surrounding 
the sun-spot. A precise comparison between consecutive contours is 
impossible owing to differences in seeing and actual changes in the 
spot itself from day to day. If allowance is made for these sources 
of disturbance, the intensities of different parts of the spot relative 
to the surrounding photosphere are practically unchanged. 

An attempt has been made to represent these intensities by assum- 
ing that the sun-spot is in (a) adiabatic equilibrium and (0) radiative 





ee 




















Fic. 1.—Contours above are of Greenwich sun-spot No. 9637, for an effective wave- 
length of \ 4330; below, for Greenwich spot No. 11280, for an effective wave-length of 
d 5780. 
equilibrium. The photosphere in both cases is assumed to be in 
radiative equilibrium at an effective temperature of 5740° K. Only 
the actual working equations will be given here, since a detailed 
treatment has been published in Minnaert and Wanders’ paper. 

a) Adiabatic equilibrium.—The spot is supposed to originate at 
some optical depth 7, where the temperature is 7,. The optical 
depth 7 is connected with the density p, the mass coefficient of ab- 
sorption for unit density, k, and the vertical depth, x, in the sun by 


the relation 
kpdx=dr , (1) 


where & is assumed to be constant. A ray traveling at an angle 6 to 
the vertical must traverse an optical thickness 7 sec @ before emer- 
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gence and be reduced by absorption to the fraction e~7*® of its 
original intensity. The total radiation from the spot for a given 
wave-length will then be 


To 


= — ote" ane Cas 
IM(1, => "hacen (2) 
etad. I 
e/o 
where 
youuG 
Toam@Cr ¥ ; (3) 
[7 
C=T,.7% 7 , (4) 
and 
la nl 4 € 1 
T,.=5740V 4(1+37,)* . (5) 


In these equations, y is the ratio of the specific heats of the gas, 
Cp/ Cvs Cr= 3.697 X10 * erg cm’ sec. *; and c,.=1.432 cm deg. For the 
photosphere, the corresponding relation is 


ile 2) 
—- 660 6 anx 
sli el oF 0° sec O dr 
Jy (7, )=5; =_ , (6) 
ent rad — I . 
e/Jo 
where 
4 1 
Traa= 5740V $(1+4r)¢ . (7) 


The ratio of intensities of spot and photosphere at different dis- 
tances from the center of the disk can now be obtained by calculating 
J“ (7, 0)/J%4(7, 0) for different values of #. The procedure is first to 
assume a value for 7, and from it compute all the quantities neces- 
sary for the evaluation of J%4(r, #). The numerical values of the 
integrals (2) and (6) were found by graphical integration. In prac- 
tice, the computation of (6) was carried only to r= 10. 

The broken curve in Figure 1 shows the ratio of intensity, spot/ 
photosphere, for different values of sin 6 and for a value of y=5/3 
for a monatomic gas. The adiabatic theory requires the intensity 
of the umbra relative to the photosphere to fall appreciably near the 
limb. The observed contours give no definite indication of such a 
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change, but the discrepancy is well within the errors of observation. 
A more serious difficulty is that the penumbra is not explained by the 
adiabatic theory. The only adjustable quantity in (1), (2), (3), and 
(4) is to, for which there is no value, however large, which will give 
intensities for the penumbra as large as those observed. 

b) Radiative equilibrium.—Minnaert and Wanders were unable to 
obtain agreement with observation by modification of the adiabatic 
theory. They finally abandoned it entirely, and assumed instead 
that the umbra is in pure radiative equilibrium at an effective tem- 
perature of 4300° K. This assumption gives a much better repre- 
sentation of the observations than any that could be obtained on 
the basis of adiabatic equilibrium. The same method has been tried 
here with satisfactory results. The continuous curves in Figure 1 
indicate the ratio of intensity, spot/photosphere, corresponding to 
radiative equilibrium at temperatures of 4000°, 5000°, 5375°, and 
5600° K. The theory of radiative equilibrium also requires that this 
ratio decrease near the limb, but by an amount so small as to make 
it almost impossible of detection. Since the observed values of the 
ratio for different parts of a spot seem to remain practically un- 
changed as the spot passes across the disk, the theory of radiative 
equilibrium accords well with the observations. Hence, the present 
investigation of the angle variation agrees with Minnaert and Wan- 
ders’ work on the wave-length variation and is favorable to their con- 
clusion that a satisfactory agreement between theory and observa- 
tion of sun-spots cannot be obtained on the basis of adiabatic 
equilibrium. 

There is, however, an apparent disagreement with the results of 
N. Barabascheff and B. Semejkin,° who have studied photometrically 
twenty-five spots that appeared between May 22, 1931, and August 
2, 1931. They used a solar image 141 mm in diameter and a plate 
and filter giving an effective wave-length of about \ 6000. The 
plates were calibrated by means of a tube densitometer. The intensi- 
ty of the umbra was determined with respect to the surrounding 
photosphere, and its temperature calculated from Planck’s formula. 
The spots were then grouped according to their distances from the 
center of the disk, and the mean intensity and temperature found for 


6 Zeitschrift fiir Astrophysik, 5, 54, 1932. 
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each group. The measurements show that the intensity of the umbra 
relative to the photosphere increases*® from about 0.24 at sin #=0.10 
to 0.54 at sin 0=0.90. 

It may be remarked, however, that if the logarithms of the areas 
of these spots are plotted against the intensity ratio, umbra/photo- 
sphere, a curve similar to Figure 3 is obtained. A plot of the areas of 
the individual spots against sin 6 also shows a rough linear relation. 
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Fic. 2.—Contour of Mount Wilson sun-spot No. 4362. The ordinates give the in- 
tensity of the sun-spot in terms of the photosphere as unity. The abscissae indicate 


fractional distance from the center of the spot 


Hence, the observed increase in intensity may be simply an acci- 
dental result due to the selection of material. Another possibility is 
that many of the spots appear to be rather small for accurate photo- 
metric work. Unless a spot is quite large, it is difficult to keep the 
beam of light in the microphotometer from overlapping the penum- 
bra and thus making the intensity of the umbra too high. This 
source of error becomes increasingly serious toward the limb, owing 
to the diminution in size of the spot produced by foreshortening. 
Figure 2 is a contour of Mount Wilson spot No. 4362 in latitude 
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—9° for August 3, 1932, during good seeing, at a distance from the 
center of the disk corresponding to sin @=0.36. The spot had an 
area of 200 millionths of the sun’s visible hemisphere. It was photo- 
graphed on a Slow Panchromatic C plate with a red filter, the effec- 
tive wave-length of the combination being \ 6450. The plate was 
calibrated over the entire range of intensity in the sun-spot by dia- 
phragming the objective. The scale of ordinates on the left gives 
the intensity of the spot relative to the surrounding photosphere; 
the abscissae give the fractional distance from the center of the 
umbra. 

It is difficult to abandon the adiabatic hypothesis entirely because, 
as already mentioned, it is almost the only process known sufficiently 
powerful to account for the relatively low temperatures in sun-spots. 
Minnaert and Wanders have suggested that the initial cooling in a 
sun-spot may be produced so far below the surface that the overlying 
gases which compose the umbra and penumbra are practically in 
radiative equilibrium. This view explains the absence of upward 
velocities in the umbra, but the origin of the Evershed effect in the 
penumbra is not obvious. It is also consistent with the fact that, 
although a magnetic field exists in sun-spots at the level of the 
umbra, no vortical motion has been observed to produce it. 


5. RELATION BETWEEN THE INTENSITY AND THE 
AREA OF SUN-SPOTS 

It has been stated that the temperatures of all sun-spots are about 
the same,’ although the observational evidence for this assertion is 
not given. In order to obtain data on this subject, the intensity of 
the penumbra was measured by the methods previously described in 
fifteen spot groups at distances from the center of the disk ranging 
from 18 to 80 per cent of the solar radius. The areas of individual 
spots, taken from the Greenwich Photoheliographic Results and cor- 
rected for foreshortening, ranged from 78 to 2860 millionths of the 
sun’s visible hemisphere. 

Figure 3 shows the curve obtained by plotting the logarithms of 
the areas as ordinates against values of the intensity ratio, penum- 

7 Unsild, Zeitschrift fiir Astrophysik, 2, 209, 1931; H. N. Russell, Scientific American, 


144, 302, 1931. 
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bra/photosphere. Although the points are scattered, the linear rela- 


tion 
log A = 4.800—3.544R , (8) 


is fairly well defined, A being the total area of the spot in millionths 
of the visible hemisphere and & the intensity ratio. 

This relationship may be only apparent, however, for poor seeing 
probably increases the intensity of small spots relative to that of 
large spots. On our plates the penumbrae of small spots are often 
less than a millimeter across, while many of the large spots have pe- 
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Fic. 3.—Relation between the log area of sun-spots (ordinates), and the intensity 


ratios, penumbra/photosphere (abscissae). 


numbrae as much as 3 mm across. Hence, there must be consider- 
‘able difference between the relative amounts by which large and 
small sun-spots are affected by scattered photospheric light. 

Another possible source of error lies in the measurements them- 
selves. The cross-section of the beam of light in the densitometer 
may extend, for example, over 80 per cent of the width of the penum- 
bra of a small spot, but over only 40 per cent of that of a large spot. 
Measurements of density in the two cases do not, therefore, refer to 
the same portions of the penumbra. This source of error was checked 
by measuring the intensities of spots first with a beam of light of 
fixed diameter and then with light-beams having cross-sections pro- 
portional to the areas of the spots. Both methods gave the same 
result within the errors of observation. It is likely that the cross- 
section of the beam of light is unessential so long as it is completely 
enclosed by the penumbra. 
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6. INTENSITIES OF THE FACULAE 


Measurements on the faculae were confined to the Contrast Bro- 
mide and Yellow-Green Sensitive plates. The faculae can be de- 
tected on these plates with reasonable certainty only at distances 
from the limb of about 40 per cent or less of the solar radius. The 
individual intensities derived fluctuate widely, owing to actual differ- 
ences in the brightness of the faculae themselves. These random 
variations can be smoothed out by taking a large number of read- 
ings. A more troublesome source of error arises from the difficulty 


TABLE II 


INT. FACULAE 


Oo—C 
TO PHOTOSPHERE 
DISTANCE FROM | 

CENTER OF DISK = > 
A 4330 \ 5780 A 4330 A 5780 
0.60 ee re ree sate I.04 1.02 —©.20 —©.00 
oy ee , ee 1.06 I.03 II —. On 
30... andi ahs ona ca ears I.10 I.04 .08 =" 8 
A ey oon eer I.10 05 + .ol 
0.95 ee Se 1.16 —0.02 +TO.07 


of setting the beam of light on the faculae without including some 
of the disk as well. This disturbance is especially serious away from 
the limb, where it is practically impossible to distinguish between 
faculae and disk. For this reason, the measured intensities given in 
Table II are probably too small. 

The only attempt to account for the faculae that the author has 
found is one given by Minnaert and Wanders.’ Their explanation 
arises from a discussion of the effect that a variable absorption co- 
efficient would have on a column of gas rising and expanding adia- 
batically. They arrive at the interesting result that such a column 
will be darker or brighter than its surroundings according to whether 
the ratio of the specific heats, y, is greater or less than 4/3, and 
think it probable that the influence of irradiation and recombina- 
tion may produce an “effective” y in limited regions which is less 
than 4/3. 


8 Op. cit., p. 309. 
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The data in Table II have been represented on this basis, by using 
equations (1), (2), (3), and (4) as before, except that y, as well as 
7), 1s now an independent variable. The best representation was 
obtained for 7,=3 and y=1.14. The computed values are mostly 
larger than those observed, but the discrepancy may arise from the 
fact that the latter, as explained above, are probably too small. 

CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
August 1933 











NOTES 


NOTE CONCERNING THE SPECTRUM OF NOVA 
OPHIUCHI NO. 3 (RS OPHIUCHI) 


ABSTRACT 


The observed positions of emission and the relative intensities of spectral lines in 
Nova Ophiuchi No. 3 are given from measurements of three spectrograms obtained with 
an objective-prism camera having an average dispersion of about 100 A/mm. 


On August 18.12, 24.14, and 29.14, 1933, G.C.T., spectrograms 
were obtained with a 6-inch reflector and a 30° objective prism hav- 
ing a dispersion such that the distance between HB and He is ap- 


TABLE I 


August 18.12 August 24.14 August 29.14 Identification 


4101 (10) 4101 (10) 4101 (10) | Hé§ 
4172 (2) aes er | Fe i 
NES ST Ee PSA (ee Poe nee Rt ee eee ae ae ae | Fe il 
4302 (3) W*.. Sere ; Ses, Orla tack | Fe 11(?) 
4340 (15) 4340 (15) 4340 (15) | Hy 
4380 (3)T. 4377 (3) A-R 4364 (1) | He I; Fe i 
4392 (3) A-V 
4408 (3) eae Ri renrelta cB Pore Nome 
4462 (4) A-R.... 4464 (6) 4476 (4) A-V | Hel 
4484 (2) | 
4507 (4).. 4511 (3) | 4518 (1) | Fe ll 
ee 4547 (4) SIA-R-—s | 4557 (1) | Fell 
eS 4578 (5) | 4587 (1) | Fe il 
4622 (4).. 4027 (5) SIA-R;W | 4643 (5) SIA-R_ | Fe il; N Ill(?) 
| 4685 (4) | He 11 4686 
4705 (4) SIA-R 4716 (2) | Hel 
4861 (20) .. 4861 (20) 4861 (20) | Hp 
4927 (3)f.... .+se| 4902 (5) 4905 (2) | Fe ll; Hel 
COE I) 1 oc. sense | SOLER) AV 4981 (2) | Fe il; Het 


* About 27 A wide; sharply defined toward violet and uniform in intensity up to Hy. 

t Has apparent absorption in center. 

t Wave-lengths extrapolated and hence uncertain. 

§ The wave-lengths of the hydrogen lines were assumed 
proximately 8.8 mm. Measurements of the hydrogen lines were used 
to form a dispersion-curve from which the wave-lengths of all other 
spectral lines were interpolated graphically. The observed positions 
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of emission lines and their relative intensities are recorded for each 
plate separately in Table I. Suggested identifications for the sources 
of the spectral lines are listed in the last column. A-—R is designated to 
mean asymmetrical toward the red; A~V, asymmetrical to the violet; 
Sl, slightly; and W, very wide. There is a noticeable continuous 
spectrum on the first plate, a slight amount on the second, and none 
on the last plate of the series. I have listed only lines which are defi- 
nitely present. My preliminary note (Harvard Announcement Card 
No. 278) contained numerous other lines, many of which could not 
be identified. Fe 11 was identified chiefly with the help of the later 
plates. Since on two of the plates the spectra were too faint in the 
violet to record anything except the Balmer Series, the first entry 
in the table is H 6. 
CHRISTINE WESTGATE 
YERKES OBSERVATORY 
WILiiAMsS Bay, WIs. 
October 1933 
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Moderne Physik. By Dr. MAx Born. Prepared for publication by 
Dr. F. SAUTER. Berlin: Julius Springer, 1933. 8vo. Pp. vii+272. 
RM. 18; bound, RM. 19.50. 

In March and April, 1932, Professor Born of the University of Géttin- 
gen gave a series of lectures at the Technische Hochschule and the Elec- 
trotechnische Verein of Berlin. Dr. Fritz Sauter has, with the help of Dr. 
Born, prepared the manuscript for publication. 

This excellent book consists of seven lectures: (1) ‘Kinetic Theory of 
Gases,’’ (2) ‘Electrical Particles; Protons, Electrons,” (3) ‘‘Waves and Cor- 
puscles,”’ (4) ‘“‘Atomic Structure and Line Spectra,” (5) ‘‘Electron Spin 
and Pauli Principle,” (6) ‘Quantum Statistics,’ and (7) ‘‘Molecular 
Structure.’’ An Appendix of sixty-five pages contains mathematical de- 
tails which were not given during the lectures. ns: 


Bibliographie mensuelle de lastronomie. Paris: Edited by Société 

Astronomique de France. Fr. 45. 

For the purpose of rapid bibliographic information a committee of the 
French Astronomical Society, under the chairmanship of A. de la Baume 
Pluvinel, has inaugurated the publication of a Bibliographie mensuelle de 
l’astronomie. 

The first number of this monthly publication is dated March, 1933. It 
contains the literature received during the preceding month of January by 
the committee, or by one of the foreign correspondents the help of whom 
the committee enlisted in order to include publications in all languages. 
Articles are not abstracted in detail or analyzed critically, but the nature 
of the contents is mentioned in a few lines so that the reader knows wheth- 
er the paper is of interest from his special point of view. The subjects are 
classified under eleven headings, which are further subdivided into para- 
graphs; in each of the latter the material is presented in alphabetical order 
of authors. This useful publication does not duplicate in any way the 
more exhaustive and indispensable A stronomischer Jahresbericht which, 
however, brings information with a delay of a year or more. The yearly 
subscription of 45 francs for twelve numbers is reduced to 35 francs for 
members of the Société Astronomique de France, and should be mailed to 
the secretary, Mr. E. LeRoy, 188 rue du Faubourg Saint-Martin, Paris X° 
(France). G. V. B. 
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ERRATA 


Vol. 78, No. 2, September, 1933, ‘“‘Catalogue and Bibliography of Stars of 
Classes B and A Whose Spectra Have Bright Hydrogen Lines,”’ by Paul W. 
Merrill and Cora G. Burwell: 

Page 100, Notes to Tables I and II, MWC 9, vy Cassiopeiae, and MWC 16, 
@ Persei, and 

Page 106, Notes to Tables I and II, MWC 306, 6 Lyrae: on both pages for 
omitted from Table I read otherwise omitted from the bibliography, page 114, 
and the key, page 110. 


Pages 110 ff., Key to Bibliography: No references are available for stars Nos. 
95, 279, 335, 391, 405, although this may not be clear from the typography. 





